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NOTES  ON  PHYSICS 


CHAPTER  I. 


MATTER  AND  ITS  CONSTITUTION. 

1.  The  Study  of  a  Natural  Science.  The  science  of  physics 
has  for  its  province  a  study  of  the  phenomena  that  occur  in  the* 
world  of  nature  about  us,  and  the  endeavor  to  understand  more 
i'nWy  the  laws  according  to  which  these  phenomena  take  place.- 
The  human  mind,  though  filled  with  admiration  at  the  mani- 
festations of  nature  which  abound  on  every  hand,  is  not  contemtt 
to  receive  impressions  of  these  various  occurrences  simply  as  an 
assemblage  of  separate  and  disconnected  events.  It  seeks,  rather, 
^0  discover,  if  possible,  a  relation  between  these  phenomena,  and 
to  investigate  their  causes,  in  order  to  draAV  conclusions  as  to 
the  laws  of  the  universe,  in  accordance  with  which  these  results 
are  produced.  ]\loreover,  when  we  contemplate  the  harmony,, 
the  beauty,  and  the  uniformity  of  these  laws,  we  learn  very 
soon  that  there  is  no  dhange  and  no  deviation  in  their  operation^ 
and  that  causes,  which  at  one  time  produce  certain  effects,  will^ 
under  similar  conditions  and  at  all  other  times,  produce  the  same 
effects. 

Dni'ing  the  study  of  a  natural  science,  sometimes  for  the  pur- 
pose of  illustration,  and  sometimes  in  order  that  a  conclusion 
may  be  drawn  or  the  relation  of  one  law  to  another  inferred,  it 
is  often  necessary  to  observe  the  effects  Avhich  the  operation  of 
a  particular  law  will  produce,  and  this  is  accomplished  by  an  ex- 
periment. It  must  be  borne  constantly  in  mind,  however,  that 
without    exception    the    experimenter    simply    supplies  .  certain. 
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conditions  which  render  possible  the  operation  of  this  law;  and 
the  effects  of  the  law  then  follow  as  a  necessary  and  inevitable 
result.  The  unity  and  the  constancy  and  the  invariability  of 
Nature  are  what  give  to  the  student  his  faith  and  his  belief  in 
the  study  of  Nature's  laws;  and  the  effort  to  see  farther  and 
more  clearly  into  obscure  phenomena,  and  to  understand  more 
fully  the  causes  that  underlie  observed  effects,  as  well  as  to 
comprehend  more  intelligently  the  laws  according  to  which  these 
effects  are  accomplished,  is  the  inspiration  of  the  scientist. 

2.  Matter.  "When  Ave  observe  the  various  objects  in  the 
world  about  us,  and  recognize  that  these  objects  are  material,  or 
are  composed  of  matter,  questions  then  naturally  arise  in  our 
minds  as  to  how  this  matter  exists,  what  its  structure  may  be, 
and  of  what  it  itself  is  composed.  The  attempt  to  answer  these 
questions  has  interested  men  of  all  ages,  but  even  now  we  are 
forced  to  admit  that  the  nature  of  matter  is  so  imperfectly 
Itnown  that  we  are  as  yet  unable  to  tell  what  matter  really  is. 
'The  evidence  of  our  senses,  however,  discloses  the  fact  that  mat- 
ter has  objective  existence  in  the  three-dimensional  space  in 
which  we  live;  and  so  we  may  use  this  property  of  space-occu- 
pation as  a  provisional  means  of  recognizing  the  existence  of 
matter,  and  define  matter  to  he  anytliing  tliat  fills  or  occupies 
ipace.  A  limited  portion  of  matter  is  called  a  hoclij,  and  an  ex- 
tremely minute  quantity  is  known  as  a  particle. 

Our  understanding  of  this  subject  is  further  confused  by  the 
fact  that  matter  exists  in  different  states,  or  conditions — the  solid. 
the  liquid,  and  the  gaseous — and  is  of  many  different  hinds,  while 
a  given  space  may  contain  a  greater  or  less  quantity,  depending 
in  part  upon  the  quality  of  the  matter  enclosed  by  that  space. 
Chemistry,  indeed,  recognizes  about  eighty  different  primary 
kinds  of  matter  called  the  elements,  and  it  is  from  combinations 
of  two  or  more  of  these  that  matter  of  all  kinds  is  made. 

3.  Divisibility.  Because  of  the  property  of  manifold  divi- 
sion which  is  common  to  matter  of  all  kinds,  and  which  is  known 
as  divisibility,  matter  may  be  separated  into  smaller  and  smaller 
portions.  So  far  is  it  possible  to  carry  the  subdivision  of  matter, 
that  we  are  wholly  unable  to  comprehend  the  size  of  the  minute 
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particles  resulting  from  the  further  partition  of  a  small  portion 
of  many  substances.  Thus,  it  has  been  calculated  that  the  one- 
hundred-millionth  part  of  a  grain  of  sodium  will  give  color  to 
the  flame  of  a  bunsen  burner  or  of  an  alcohol  lamp  ;  a  thimbleful 
of  one  of  the  aniline  dye-stuffs  is  quite  sufficient  to  impart  a 
tinge  of  color  to  the  water  of  a  large  lake ;  while  a  single  grain 
of  musk,  after  perfuming  the  air  continuously  for  many  years, 
will  still  emit  a  perceptible  odor.  From  these  illustrations,  it 
is  seen  that  the  individual  particles  of  which  bodies  are  com- 
posed must  be  exceedingly  minute,  and  that  their  number,  like 
wise,  must  be  enormously  great. 

4.  The  Molecules.  Althougli  matter  may  thus  be  divided 
and  subdivided  until  the  resulting  particles  are  almost  infinitely 
small,  there  is  a  limit  beyond  which  it  is  impossible  to  carry  this 
-division  without  destroying  the  characteristics  of  the  original 
substance.  The  smallest  particles  of  matter  that  can  exist  and 
still  retain  the  properties  of  the  larger  quantity  are  called  the 
molecules.  If  we  were  to  divide  the  molecules,  we  should  cease 
to  have  the  particular  kind  of  substance  with  which  we  are 
dealing ;  and  so  we  may  define  the  molecules  to  be  tlw  smallest 
particles  of  matter  that  can  exist  and  still  preserve  the  distin- 
<fuishing  qualities  of  the  undivided  whole.  Since  the  molecules 
are  far  too  minute  to  be  detected,  even  with  the  aid  of  the  most 
powerful  microscope,  Ave  understand  but  little  of  the  nature  of 
these  particles,  and  this  scanty  knowledge  is  obtained  only  by 
inference  and  not  by  direct  observation. 

From  many  of  the  phenomena  connected  with  matter,  we  are 
led  to  believe,  however,  that  the  molecules  are  not  at  rest,  but 
are  in  a  state  of  rapid  and  irregular  motion.  So  great  is  their 
number,  and  so  violent  their  motion,  that  they  are  continually 
hombarding  one  another  and  rebounding  from  such  collisions 
only  to  encounter  other  molecules  which  are  moving  no  less  ener- 
getically than  they. 

That  the  molecules  of  a  gas  are  in  this  state  of  perpetual  motion 
may  be  shown  by  inverting  a  tall  ,iar  of  ammonia  gas  over  one  of 
"hydrochloric  acid  gas,  the  two  gases  being  separated  temporar- 
ily by  a  plate  of  glass.    "When  all  currents  in  these  gases  have 
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ceased  and  the  gases  are  perfectly  quiescent,  the  glass  may  be 
Avithdrawn.  It  will  then  be  seen,  by  the  white  cloud  which  is 
formed  by  the  union  of  these  two  gases,  that  the  molecules  of  the 
lighter  ammonia  gas  will  force  their  way  downward  into  the 
heavier  hydrochloric  acid  gas,  while  the  molecules  of  the  latter 
will  immediately  wander  upward  into  the  lighter  ammonia  gas. 
Therefore,  the  two  gases  are  quickly  and  completely  mingled, 
because  the  molecules  of  both  are  continually  in  motion. 

5.  The  Pores.  While  it  is  true  that  the  molecules  are  mi- 
nute beyond  our  comprehension,  and  the  quantities  of  mat- 
ter with  which  we  have  to  deal  are  simply  aggregations  of  these 
molecules,  there  are  certain  phenomena,  particularly  in  the  do- 
main of  heat,  which  lead  us  to  believe  that  the  molecules  of  a 
body  are  not  in  contact  with  one  another.  Indeed  this  isolation 
of  the  molecules  might  be  inferred  from  the  assumption  that 
the  molecules,  in  their  continuous  and  irregular  motion,  are 
able  to  deliver  blows  upon  one  another.  It  is  thought,  moreover, 
that  vacant  spaces  exist  between  these  particles,  and  that  these 
spaces  are  very  large  in  comparison  with  the  dimensions  of 
the  molecules  themselves.  These  inter-molecular  spaces  are 
knovrn  as  the  pores;  and  it  is  believed  that  pores  arc  to  be  found 
between  the  molecules  of  all  substances,  although  in  som.e  kinds 
of  matter  they  are  smaller  than  in  others.  "When  a  body  ex- 
pands with  a  rise  of  temperature,  it  is,  in  general,  assumed  that 
the  molecules  are  farther  apart,  and  that  the  pores,  accordingly, 
are  somewhat  larger,  than  is  the  case  at  lower  temperatures. 

Sir  Francis  Bacon  made  a  hollow  sphere  of  lead,  which  he 
filled  with  water  and  tightly  closed.  After  partially  flattening- 
the  sphere,  whereby  the  interior  volume  was  somewhat  dimin- 
ished, he  found  that  the  water  had  been  forced  through  the  pores 
of  the  lead,  and  stood  in  drops  upon  the  outside.  The  members 
of  the  Florentine  Academy  likewise  constructed  a  hollow  sphere 
of  silver,  heavily  gilded,  which  they  treated  in  a  similar  manner, 
►  with  the  result  that  the  water  was  forced  through  the  pores 
of  the  silver  and  covered  the  sphere  in  tiny  beads,  like  perspira- 
tion. From  these  experiments  it  is  evident,  not  only  that  par- 
ticles of  water  had  passed  through  the  spaces  between  the  mole- 
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cules  of  the  lead,  the  silver,  and  the  gold,  but  also  that  the  mole- 
cules of  water  are  smaller  than  are  the  pores  of  these  metals. 

The  existence  of  pores  even  in  a  liquid  may  be  demonstrated 
by  filling  a  long  glass  tube  half  full  of  water,  then  carefully 
filling  the  remainder  with  alcohol,  and  observing,  by  a  mark  on 
the  tube,  the  height  to  which  these  liquids  rise.  If  the  tube  is 
now  shaken  until  the  liquids  are  thoroughly  mingled,  the  sur- 
face will  be  found  considerably  below  the  former  mark,  show- 
ing that  the  volume  of  the  mixture  is  somewhat  smaller  than  the 
sum  of  the  volumes  of  the  water  and  the  alcohol.  This  con- 
traction of  volume  is  explained,  in  part  at  least,  by  assuming 
that  the  liquids  have  interpenetrated,  that  is,  that  the  mole- 
cules of  one  have  to  some  extent  entered  the  pores  of  the  other. 

Charcoal  has  the  power  of  absorbing,  and  also  of  condensing, 
gases  within  its  pores,  as  may  be  illustrated  by  placing  a  piece 
of  freshly  ignited  charcoal  in  a  tube  of  ammonia  gas  inverted 
over  mercury.  The  molecules  of  the  gas  enter  the  pores  of  the 
charcoal  and  there  undergo  a  condensation,  ,so  that  a  portion  of 
the  gas  disappears  from  the  tube,  and  the  mercury  rises  to  take 
its  place. 

6.  Molecular  Attractions.  Because  of  the  existence  of  the 
pores,  the  molecules  of  a  body  are  thought  to  be  separated  by 
relatively  very  large  spaces,  each  molecule  being  in  the  center 
of  a  vacant  region  surrounded  by  other  molecules  which  it  never 
touches.  Although  not  in  actual  contact,  these  molecules  exert 
upon  one  another  a  powerful  attraction,  of  such  nature  that  the 
distance  between  the  molecules  does  not  exceed  a  definite 
amount,  nor  does  it  fall  below  a  certain  limit.  It  is  due,  indeed, 
to  this  inter-molecular  attraction  that  the  particles  of  a  body 
are  held  together,  and  that  matter  possesses  the  property  known 
as  tenacity.  In  some  bodies,  such  as  steel,  the  particles  are 
united  more  firmly  than  in  others,  such  as  lead  or  copper,  and 
so  the  tenacity  of  steel  is  much  greater  than  is  that  of  these  other 
substances. 

7.  Cohesion  and  Adhesion.  If  a  body  is  homogeneous,  that 
is,  if  it  consists  of  one  kind  of  matter  only,  the  attraction  be- 
tween the  molecules  is  known  as  coJie.'^ion.     If,  however,  it  is 
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heterogeneous,  or  is  composed  of  matter  of  different  kinds,  the 
molecular  attraction  is  known  as  adhesion.  A  piece  of  steel, 
for  instance,  maintains  its  rigidity  because  of  the  cohesion  of 
its  molecules ;  a  piece  of  steel  cemented  to  a  piece  of  wood, 
however,  clings  to  the  wood  by  the  adhesion  of  the  cement.  The 
force  of  cohesion,  therefore,  holds  together  molecides  of  the  same 
kind,  while  the  force  of  adhesion  unites  molecides  of  different 
kinds. 

8.  Spheres  of  Molecular  Activity.  These  molecular  forces 
are  found  to  be  relativelj^  very  great,  and  to  increase  enormously 
in  magnitude  as  the  distance  between  the  molecules  becomes 
smaller.  Were  it  not,  therefore,  for  the  action  of  other  forces, 
these  attractions  would  probably  cause  the  molecules  to  come 
into  actual  contact.     Other   forces  become  manifest,   however, 

when  the  attempt  is  made  to 
crowd  the  molecules  closer  to- 
gether; and  these  latter  forces 
are  so  constituted  that  they  ap- 
parently cause  the  molecules  to 
repel  one  another  when  the  in- 
tervening distance  becomes  less 
than  a  certain  limiting  amount. 
Accordingly,  we  may  think  of 
one  molecule  as  exerting  its  in- 
fluence upon  adjacent  mole- 
cules across  a  perfecth^  definite 
distance.  This  distance,  which  extends  about  each  molecule  in 
all  directions,  Fig.  1,  is  known  as  the  sphere  of  molecular  ac- 
tivity. If  this  assumption  be  true,  it  follows  that  the  molecules 
may  approach  one  another  until  their  spheres  of  activity  are 
tangent;  and  it  is  only  with  great  difficulty  that  they  may  be 
forced  nearer  together  or  carried  farther  apart  than  the  di- 
ameter of  their  spheres  of  activity. 

9.  Natiire  of  Elasticity.  It  is  proved  by  experience,  never- 
theless, that  the  action  of  an  external  force  will  slightly  vary 
the  distance  between  the  molecules,  and  so,  probably,  change  the 
spheres  of  activity  temporarily  into  ovals.     The  distortion  thus 
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produced  at  once  calls  into  play  molecular  forces  which  attempt 
to  restore  the  molecules  to  their  original  positions,  and  enable 
the  ovals  of  activity  again  to  assume  the  spherical  form.  This 
property  of  matter,  "whereby  a  body  tends  to  resume  its  original 
shape  and  size  after  it  has  been  distorted  by  a  force,  is  known 
as  elasticity.  It  is  thus  seen  that  the  elasticity  of  matter  de- 
pends entirely  upon  the  action  of  the  inter-molecular  forces  in 
endeavoring  to  maintain  a  constant  distance  between  the  mole- 
cules. 

10.  The  Atoms.  The  atoms  are  the  minute  particles  of 
matter  of  which  the  molecules  are  composed,  and  are  very  small 
as  compared  with  the  size  of  the  molecules  themselves.  In  gen- 
eral, the  atoms  unite  with  one  another,  in  structures  more  or 
less  complex,  to  form  the  molecules; 

the  number,  kind,  and  arrangement 
of  the  atoms  being  perfectly  definite 
in  a  molecule  of  a  particular  sub- 
stance. The  atoms  thus  grouped  in 
a  molecule  are  held  together  by  re- 
markable atomic  forces  which  pre- 
vent these  particles  from  separating 
from  one  another,  and  probably,  also, 
from   coming  nearer  together.    It  is     fig  2  The  possible  vibration 

"  ^  of  the  atoms  in  a  molecule. 

possible  that  the  atoms  are  relatively 

as  far  apart  in  the  molecules  as  the  molecules  are  distant 
from  one  another  in  masses  of  matter.  Moreover,  certain  phe- 
nomena in  physics  lead  to  the  conclusion  that  the  atoms  in  a 
molecule  are  not  at  rest,  but  are  in  a  state  of  continual  mo- 
tion, either  forming  systems,  in  which  certain  atoms  revolve 
about  other  atoms,  or  vibrating  about  a  common  center,  like 
the  parts  of  an  elastic  hoop.  Fig.  2. 

11.  The  Chemical  Bonds.  There  are  as  many  different 
kinds  of  atoms  as  there  are  eliemical  elements,  and  all  differ  from 
one  another  as  regards  their  composition,  their  relative  weights, 
and  their  abilit}^  to  combine  with  other  atoms  to  form  molecules. 
Whatever  their  constitution  mav  be,  most  atoms  have  at  least 
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one  very  active  point,  by  means  of  which  they  are  able  to  attach 
themselves  to  other  atoms.  These  points  of  activity  are  called 
the  chemical  bonds;  and  it  is  a  curious  fact  that,  while  nearly 
all  atoms  have  at  least  one  bond,  some  have  two,  others  three, 
and  so  on,  a  few  of  the  elements  having  a  number  as  high  as 
seven.  In  recent  years,  however,  certain  inert  gases  have  been 
discovered  in  which  this  bond  is  either  feeble  or  is  absent  alto- 
gether, and  in  these  gases  the  single  atom  constitutes  the  mole- 
cule. It  has  also  long  been  known  that  the  molecules  of  mer- 
cury, cadmium  and  potassium  Avhen  in  the  state  of  vapor  are  like- 
wise monatomic.  In  all  other  substances,  this  exceedingly  active 
chemical  bond,  with  at  least  one  of  which  every  atom  is  equipped, 
renders  it  impossible  for  atoms  to  exist  by  themselves;  and  so, 
except  in  the  rare  instances  mentioned  above,  two  atoms  at  the 
Tery  least  unite  to  form  a  molecule,  the  atoms  being  joined  to  one 
another  by  their  chemical  bonds. 

Thus,  in  hydrogen.  Fig.  3,  one  atom  of  hydrogen,  H, 
unites  with  another  atom  of  hydrogen,  II,  to  form  a  molecule  of 
hydrogen,  Hj,  each  atom  being  joined  to  the  other  by  the  single 

chemical  bond  which  this  element  pos- 
sesses. So,  also,  in  the  ease  of  com- 
mon salt,  one  atom,  of  sodium,  Na, 
unites  by  its  single  bond  with  one 
atom  of  chlorine,  CI,  which  also  has  a 
single  bond,  the  two  atoms  together 
forming  a  molecule  of  sodium  chloride, 
""^ — ^      ^"^ — ^      ^^ — ^       NaCl,  or  common  salt.    In  water,  like- 

FiG.   3.  Molecules  formed  by     ^^-jgp    Q^g  ^^^^^^  Qf  hydrogen,  B,  uniteS 
the  union  of  atoms.  '  _  ./  o      7        7 

with  each  of  the  two  bonds  of  an  atom 
of  oxygen,  0,  to  form  a  molecule  of  water,  HM,  which  thus  con- 
tains three  atoms.  The  number  of  atoms  in  a  molecule  of  com- 
plicated chemical  compounds  may  amount  to  several  hundred. 

12.  The  Distinction  between  a  Physical  and  a  Chemical 
Change.  If  the  molecule  is  by  any  means  destroyed,  and  the 
atoms  that  formed  certain  groups  within  it  are  thereby  forced 
to  separate,  these  atoms  will  at  once  form  other  and  different 
groups  because  of  the  activity  of  their  chemical  bonds.  The 
molecules  resulting  from  this  new  assemblage  of  atoms  will  there- 
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fore  have  properties  unlike  those  of  the  original  material,  and 
an  entirely  different  chemical  substance  will  l)e  formed. 

The  science  of  physics  has  to  deal  almost  exclusivel}^  with 
matter  and  the  phenomena  connected  with  matter  so  long  as  the 
molecule  is  not  destroyed.  Chemistry,  on  the  other  hand,  has 
for  its  province  the  changes  that  occur  in  matter  and  the 
phenomena  attending  these  changes,  when  the  molecule  is  broken 
up.  A  physical  change  performed  upon  matter  may  alter  the 
size,  the  shape,  the  motion,  the  hardness,  the  tenacity,  the  elas- 
ticity, and  many  other  proi3erties  of  this  matter,  but  will  leave 
the  molecule  intact.  A  chemical  change  performed  upon  the 
same  matter  will  alter  the  constitution  of  the  molecule  and  so 
change  completely  the  character  of  the  substance.  After  a  chem- 
ical change  has  occurred,  the  original  material  will  no  longer 
exist,  and  in  its  place  will  be  formed  one  or  more  different  sub- 
stances consisting  of  the  same  atoms,  but  forming  other  groups 
within  the  molecule. 

A  beautiful  illustration  of  the  difference  between  a  physical 
and  a  chemical  change  may  be  shown  by  the  experiment  of  pour- 
ing strong  sulphuric  acid  upon  a  solution  of  common  sugar. 
Sugar  is  a  substance  which  has  45  atoms  in  its  molecule,  12  of 
carbon,  C,  22  of  hydrogen,  H,  and  11  of  oxygen,  0;  and  this 
compound  is  chemically  expressed  by  the  formula  C^M.^^n- 
We  may  break  the  sugar  into  lumps,  we  may  grind  it  to  a  pow- 
der, Ave  may  even  dissolve  it  in  water,  but  it  still  tastes  sweet, 
and  retains  in  all  other  respects  the  properties  and  character- 
istics of  sugar.  It  has  undergone  therefore  only  certain  physi- 
cal changes,  for  its  molecule  has  not  been  destroyed. 

The  hydrogen  and  the  oxygen,  as  will  be  observed,  exist  in  the 
sugar  in  the  proportions  in  which  these  elements  are  combined 
in  water,  that  is,  there  are  twice  as  many  atoms  of  the  former 
element  as  of  the  latter.  If  it  were  not  for  the  chemical  bonds, 
uniting  the  hydrogen  and  the  oxygen  to  the  carbon  in  the  mole- 
cules of  sugar,  the  carbon  atoms  would  join  with  one  another 
to  form  molecules  of  carbon,  and  the  hydrogen  and  the  oxygen 
atoms  would  unite  to  form  molecules  of  water.  The  sulphuric 
acid  lias  an  exceedingly  strong  chemical  affinity  for  wateJ',  and 
will   absorb   it  from   compounds  wherever  it  exists.     Because 
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of  tliis  strong  affinity,  the  sulphuric  acid,  Avhen  poured  into  the 
sugar  solution,  breaks  up  the  molecules  of  sugar,  and  withdraws 
from  them  the  atoms  of  hydrogen  and  oxygen  to  form  molecules 
of  water,  with  which  it  then  unites.  The  carbon  atoms  thus 
left  free,  combine  with  one  another  to  form  molecules  of 
carbon,  or  charcoal,  and  this  is  seen  to  be  produced  in  large 
quantities  as  the  result  of  the  experiment.  In  this  instance  the 
molecule  of  sugar  has  been  destroyed,  the  sugar  has  ceased  to 
exist  as  sugar,  the  atoms  of  carbon,  formerly  united  with  the 
atoms  of  hydrogen  and  oxygen  to  form  sugar,  are  now  united 
with  one  another  to  form  molecules  of  carbon,  or  charcoal,  and 
a  chemical  change  has  been  accomplished. 

13.  The  Electrons.  The  Avord  atom  signifies  "that  which 
cannot  be  cut."  It  formerly  indicated  a  particle  of  matter  so 
small  as  to  be  incapable  of  further  division,  and  was  thought  to 
have  existence,  not,  indeed,  by  itself,  but  only  in  union  with 
other  atoms  to  form  a  molecule.  In  accordance  with  thia  idea, 
the  atoms  have  been,  and  are  still,  defined  as  the  smallest  par- 
ticles of  matter  that  can  enter  into  cliemical  composition.  They 
are  thus  distinct  from  the  molecules,  which  are  regarded  as  the 
smallest  particles  of  matter  that  may  be  conceived  to  exist  hy 
themselves  and  still  preserve  the  identity  of  the  original  sub- 
stance. 

Within  the  last  few  years,  hoAvever,  certain  physical  processes 
have  served  to  shoAV  that  the  atoms  themseh^es  are  far  from 
simple  in  their  structure,  and  that  even  these  small  particles 
are  composed,  in  part  at  least,  of  other  still  smaller  particles 

no   larger  than  the  tt^ttt:  pai*t  of  the  hydrogen  atom,  and  are 

knoAvn  as  the  electrons,  or  the  corpuscles.  The  simplest  knoAvn 
atom,  namely,  that  of  hydrogen,  is  supposed  to  contain  not  less 
than  three  nor  more  than  five  of  these  electrons,  AAdiile  every  other 
atom  has  a  number  greater  than  this  in  proportion  to  its  atomic 
weight. 

The  evidence  of  scientific  investigation  points  likcAA-ise  to  the 
conclusion  that  these  electrons  are  not  at  rest  AAdthin  the  atom, 
but  are  moving,  possibly  in  tiny  orbits,  at  a  rate  which  is  hut 
little  less  than  the  velocity  of  light.     It  has  disclosed  the  fact, 
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also,  that,  under  certain  conditions,  an  electron  may  escape  from 
its  parent  atom,  and,  while  still  retaining  its  enormous  velocity, 
may  exist  as  a  free  and  independent  particle  among  the  mole- 
cules of  m,atter,  bombarding  these  in  its  rapid  motion,  and  being 
in  turn  bombarded  by  them.  From  this  it  is  seen  that  the  elec- 
trons may  exist  either  in  rapid  motion  within  the  atom  of  which 
they  form  an  essential  part,  or  as  individual  particles  moving 
with  enormous  velocities  among  the  molecules  of  ordinary  mat- 
ter. In  the  latter  condition  these  particles  are  known  as  the 
free  electrons. 

Inasmuch  as  it  is  possible  for  certain  of  the  electrons  thus  to 
be  disengaged  from  the  atoms  and  to  exist  freely  by  themselves, 
a  study  may  be  made  of  the  physical  properties  and  character- 
istics which  these  small  bodies  possess.  It  is  then  found  that 
they  are  all  alike,  even  when  obtained  from  substances  differing 
widely  from  one  another  in  character.  From  this  it  it  evident 
that  the  electrons  form  a  common  constituent  of  the  atoms  of 
all  kinds  of  matter.  Moreover,  the  electrons  are  always  negatively 
electrified,  they  always  carry  precisely  the  same  electrical  charge, 
and  always  have  an  apparent  "mass"  which  is  dependent  up- 
on the  velocity  with  which  they  move.  Indeed,  it  is  thought 
that  the  electrons  may  not  be  composed  of  matter  in  the  ordin- 
ary sense,  but  that  they  may  be  simply  particles  of  negative 
electricity  which  have  apparent  mass  only  because  of  their 
enormous  velocity. 

The  important  part  which  these  electrons  are  believed  to  play 
in  the  phenomena  of  heat,  light,  and  electricity,  and  their  sig- 
nificance in  the  newer  theory  that  matter  may  possibly  be 
electrical  in  structure  or  constitution,  will  be  discussed  in  later 
chapters. 
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CHAPTER  II. 

THE  METRIC  SYSTEM. 

14.  The  Fundamental  Quantities.  In  the  pursuit  of  the 
study  of  physics,  it  is  found  impossible  to  investigate  the  re- 
lation Avhich  one  phenomenon  bears  to  another,  or  to  predict 
the  results  which  will  follow  from  a  given  cause,  without 
knowing  accurately  the  magnitudes  of  the  objects  or  quanti- 
ties which  are  thus  involved.  This  knowledge  is  therefore  of 
the  greatest  importance  to  the  physicist,  and  may  be  obtained 
only  by  means  of  exact  measurements. 

Before  a  measurement  of  any  kind  may  be  made,  it  is  nec- 
essary first  to  adopt  a  standard,  which  must  possess  two  es- 
sential characteristics :  it  must  be  of  the  same  Jcind,  or  nature,  as 
the  object  or  quantity  to  be  measured,  and  it  must  be  un- 
changeaMe.  If  this  standard  is  of  suitable  magnitude  to  be 
used  conveniently,  it  itself  may  then  be  taken  also  as  the  unit 
in  terms  of  which  the  measurement  is  to  be  expressed.  If,  how- 
ever, the  standard  should  be  inconveniently  large  or  unduly 
small,  a  fractional  part  or  a  multiple  of  its  magnitude  may  be 
taken  as  the  unit,  and  the  measurement  then  shows  how  many 
times  the  quantity  to  be  measured  is  larger  or  smaller  than  the 
unit  so  chosen. 

Observation  and  investigation  have  shown  that,  by  a  proper 
selection  of  units,  the  measurement  of  practically  all  physical 
quantities  may  be  expressed  in  terms  of  three  so-called  funda- 
mental quantities:  namely,  length,  or  linear  distance,  mass,  or 
quantity  of  matter,  and  time.  These  three  quantities  are  called 
the  fundamental  quantities,  and  the  units  of  these  quantities 
are  known  as  the  fundamental  units,  because  measurements  of 
all  other  quantities  in  physics  may  be  expressed  in  terms  of 
the  units  of  these  three  particular  quantities 

15.  The  Standard  of  Length— The  Meter.  The  standard  of 
length  is  the  linear  distance  at  the  temperature  of  melting  ice 
between  two  fine,  parallel  lines  ruled  near  the  ends  of  a  bar 
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of  ijlatiiiuni-iridiiiin  deposited  in  the  International  Bureau  of 
Weights  and  Measures,  at  Sevres,  a  suburb  of  Paris.  The  per- 
pendicular distance  between  these  two  parallel  lines  on  this 
particular  bar  is  defined  as  the  international  meter  prototype, 
and  is  the  standard  of  length  universally  adopted  in  all  scien- 
tific measurements.  In  order  that  this  stand- 
ard may  be  accessible  in  all  countries,  copies 
of  the  international  meter  prototype  are  de- 
posited at  the  capitals  of  the  various  civilized 
nations  of  the  globe.  The  cross-section  of  this 
bar  and  of  its  copies  resembles  somewhat  the 
letter  X,  Fig.  4,  since  this  form  offers  the  ^^^^  ^  cross-sec- 
greatest  rigidity  for  a  given  amount  of  ma-  uationaV^^  Meter 
terial.     The  graduations  which  determine  the        Prototype,  exact 

°  size. 

length  of  the  meter  are  ruled  at  A  upon  Avhat 

is  known  as  the  plane  of  the  neutral  axis,  in  order  as  far  as 

possible  to  avoid  distortion  by  flexure. 

With  the  greatest  accuracy  that  could  be  attained  in  mak- 
ing linear  measurements,  the  distance  between  the  two  parallel 
lines  on  the  international  meter  prototype  was  made  equal  to 
the  distance  between  the  two  ends  of  a  particular  bar  of  plat- 
inum deposited  in  the  Archives  of  Paris,  which  was  known  as 
the  mrtQ-  of  the  Archives.  This  platinum  bar  had  been  con- 
structed to  represent  the  ten-millionth  part  of  the  distance 
from  the  north  pole  of  the  earth  to  the  equator  on  the  merid- 
ian passing  through  Paris,  and  was  adopted  as  the  standard 
of  length  in  the  hope  that  it  might  furnish  an  invariable  stan- 
dard, Avhich,  by  a  re-measurement  of  the  earth,  could  at  any 
time  be  reproduced  if  the  original  were  lost. 

It  was  discovered  later,  however,  that  slight  errors  had  been 
made  in  the  measurement  of  the  earth,  and  that  the  length  of 
this  bar  was  about  one  four-hundred-thousandth  part  of  an 
inch  too  short,  so  that  it  was  not  an  absolute  standard  and  did 
not  represent  the  ten-millionth  i)art  of  the  quadrant  of  the 
earth,  this  distance  now  being  known  to  be  about  10,000,880 
meters.  From  this  it  follows  that  the  international  meter  pro- 
totype, which  was  made  as  nearly   as   possible    equal  in  length 
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to  the  meter  of  the  Archives,  is,  after  all,  only  a  purely  arbi- 
trary standard. 

If  this  bar  should  be  lost  or  destroyed,  the  meter  could  be 
reproduced,  at  best  only  imperfectly,  from  the  various  exist- 
ing copies.  The  need  of  an  absolute  and  invariable  standard 
therefore  still  exists;  and  it  is  to  be  hoped  that  at  some  future 
time  a  standard  of  length  may  be  adopted  which  will  depend 
upon  some  natural  object  or  occurrence,  and  which  may  be  re- 
produced with  absolute  accuracy,  if  the  original  should  be  lost 
or  injured.  The  suggestion  made  by  IMichelson,  that  the  wave 
length  of  red  cadmium  light  be  adopted  as  the  standard  of 
length,  is  a  fruitful  one,  for  this  distance,  though  small,  would 
be  an  absolute  and  unvarying  standard,  and  capable  of  re- 
production by  any  body  at  any  time.  The  means  by  which  this 
distance  could  be  used  as  a  standard  of  length  will  be  dis- 
cussed in  a  future  chapter. 

16.  Subdivisions  of  the  Meter.  Notwithstanding  the  arbi- 
trary length  of  the  meter,  a  great  advantage  has  been  derived 
from  the  adoption  of  the  system  of  weights  and  measures, 
known  as  the  metric  system,  which  is  based  upon  the  meter  as 
the  standard  of  length.  The  advantage  which  the  metric  sys- 
tem possesses  over  all  others,  and  which  has  brought  it  into 
universal  scientific  use,  is  the  fact  that  it  is  a  decimal  system 
throughout,  the  subdivisions  of  the  standards  being  indicated 
by  Latin  prefixes,  and  the  multiples  by  Greek  prefixes.  Thus 
the  meter  (m)  is  divided  into  ten  parts  each  called  a  decimeter 
(dm)  ;  the  decimeter  is  divided  into  ten  parts,  each  called  a 
centimeter  (cm)  ;  the  centimeter  is  divided  into  ten  parts,  each 
called  a  millimeter  (mm).  One  thousand  meters,  which  is  the 
only  multiple  of  the  meter  in  general  use  in  physics,  is  called 
a  kilometer  (km).    Accordingly, 

1  meter  =  10  decimeters  =:  100  centimeters  =  1000  millimeters. 

1000  meters  =  1  kilometer. 
In  terms  of  the  ordinary  English  units  of  measurement,  the 
meter  has  a  length  of  39.37  inches,  the  decimeter  is  nearly  4 
inches,  Fig.  5;  the  centimeter  is  a  little  less  than  half  an  inch, 
and  the  millimeter  is  about  one  twenty-fifth  part  of  an  inch. 
A  kilometer  is  nearly  five-eighths  of  a  mile. 
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17.  The  Units  of  Length,  Area,  and  Volume.  While  the 
meter  is  the  standard  of  length,  the  unit  of  length  which  is  uni- 
versally adopted  in  all  physical  measurements  is  the  one-hun- 
dredth part  of  the  meter,  or  the  centimeter.  In  physics,  there- 
fore, all  linear  distances  are  expressed  in  centimeters. 

As  in  the  English  system,  so  also  in  the  metric,  the  units  of 
area  and  of  volume  are  derived  from  the  unit  of  length.  Thus, 
a  square  centimeter  is  a  surface  having  an  area  equal  to  that  of 
a  square  one  centimeter  on  a  side ;  a  square  meter  is  a  surface 
having  an  area  equal  to  that  of  a  square,  one  meter  on  a 
side,  etc.  A  convenient  unit  of  volume  which  is  of  frequent 
use  in  physics  is  the  volume  of  a  cube,  each  of  whose  sides  is 
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one  centimeter  in  length,  and  known  as  the  cuhic  centimeter 
(cc).  Another  unit  of  volume  frequently  used  is  the  cubic 
decim,eter  (cd),  which  is  the  volume  of  a  cube  1  decimeter,  or 
10 "centimeters,  on  a  side.  The  volume  of  one  cubic  decimeter 
therefore,  is  the  same  as  that  of  1000  cubic  centimeters,  and 
this  volume  is  practically  identical  with  that  known  as  the  liter. 
The  liter  is  very  nearly  equal  in  volume  to  the  ordinary  quart. 

18.  The  Standard  of  Mass.  By  the  mass  of  a  body  is  meant 
the  quantity  of  matter  the  body  contains. 

The  standard  of  mass,  in  terms  of  Avhich  the  amount,  or 
quantity,  of  matter  in  all  bodies  is  measured,  is  a  cylinder  of 
platinum-iridium,  deposited  in  the  International  Bureau  of 
Weights  and  jMeasures  at  Sevres,  and  known  as  the  interna- 
tional  kilogram  prototype.  This  standard  was  made  to  repre- 
sent as  nearly  as  possible  the  mass  of  the  li'logram  of  the  Ar- 
chives, which  was  a  cylinder  of  platinum,  adopted  in  1799  as 
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the  standard  of  mass,  and  deposited  in  the  Archives  of  Paris. 
In  order  to  facilitate  measurements  throughout  the  world,  cop- 
ies of  the  international  kilogram  prototype  have  been  dis- 
tributed among  the  various  nations. 

One  of  the  most  beautiful  features  of  the  metric  system,  as 
this  was  conceived  in  the  minds  of  its  founders,  was  the  pos- 
sibility, not  only  of  securing  an  absolute  and  invariable  stand- 
ard of  mass,  but  also  of  making  this  standard  depend  for  its 
magnitude  upon  the  unit  of  length.  It  was  proposed  that  the 
standard  of  mass,  which  was  to  be  called  the  kilogram,  should 
be  a  cylinder  of  platinum  equal  in  mass  to  that  of  1  cubic  deci- 
meter, or  1000  cubic  centimeters,  of  pure  water  at  the  temper- 
ature of  its  greatest  density;  and  the  kilogram  of  the  Archives 
was  constructed  to  represent  such  a  mass.  Subsequent  accu- 
rate measurements,  however,  have  shown  that  the  kilogram  was 
made  slightly  larger  than  was  intended,  and  that  its  mass  was 
really  equal  to  that  of  1.00003  cubic  decimeters  of  pure  water. 
From  this  lack  of  exact  agreement,  it  is  seen  that  the  kilogram 
of  the  Archives  was  not  an  absolute  standard;  and  therefore, 
the  international  kilogram  prototype,  Avhich  is  derived  from  it, 
is  likewise  not  an  absolute  standard,  but  is  unfortunately  one 
which  is  purely  arbitrary. 

19.  The  Unit  of  Mass,  the  Gram.  The  relatively  large  mass 
of  the  kilogram  made  is  desirable  that  a  smaller  mass  should 
be  chosen  as  the  unit;  and  the  one-thousandth  part  of  the  kilo- 
gram was  taken  as  the  unit  of  mass,  and  was  called  the  gram. 

The  subdivisions  and  multiples  of  the  gram  are  decimal,  and, 
like  those  of  the  meter,  are  indicated  by  the  Latin  and  the 
Greek  prefixes  respectively.  Thus,  one  gram  (g)  is  divided 
into  ten  parts,  each  called  a  decigram  (dg)  ;  one  decigram  is 
divided  into  ten  parts,  each  called  a  centigram  (eg)  ;  one  centi- 
gram is  divided  into  ten  parts,  each  called  a  milligram  (mg). 
The  only  multiple  of  the  gram  in  general  use  in  physics  is  that 
by  one  thousand,  and  this,  as  shown  above,  is  the  kilogram 
(kg).    Accordingly, 

1   gram  =  10  decigrams  =  100  centigrams  =  1000  milligrams. 

1000  grams  =  1  kilogram. 

The  kilogram  is  very  nearly  equal  to  2.2  pounds. 
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If  the  mass  of  the  kilogram  had  been  made  exactly  equal  to 
that  of  1  cubic  decimeter  of  pure  water,  the  mass  of  the  gram 
would  have  been  exactly  that  of  1  cubic  centimeter  of  pure 
water,  and  the  unit  of  capacity,  which  is  the  liter,  and  which 
is  defined  as  the  volume  occupied  by  the  mass  of  1  kilogram 
of  pure  water  at  the  temperature  of  its  greatest  density,  would 
have  been  1  cubic  decimeter,  or  1000  cubic  centimeters.  Inas- 
much, however,  as  the  mass  of  the  kilogram  is  so  very  nearly 
equal  to  its  intended  value,  it  is  allowable  and  usual,  except  in 
measurements  of  the  utmost  accuracy,  to  regard  the  kilogram 
as  the  mass  of  1  cubic  decimeter,  or  1000  cubic  centimeters,  of 
pure  water  at  the  temperature  of  its  nip.ximum  density,  and  the 
gram  as  the  mass  of  1  cubic  centimeter  of  pure  water,  likewise 
at  the  temperature  of  its  maximum  density.  The  liter  also 
may  be  taken,  practically  without  error,  to  be  the  volume  of 
1  cubic  decimeter,  or  1000  cvbic  centimeters. 

20.  The  Standard  of  Time   and   the    Unit    of    Time.     The 

period  that  has  l)ccn  adopted  as  the  standard  of  time  is  the 
interval  known  as  the  mean  solar  day.  Omng  to  the  fact  that 
the  earth  revolves  in  an  elliptical  orbit  about  the  sun, 
and  that  its  axis  is  not  perpendicular  to  the  plane  of  its 
orbit,  the  solar  day,  that  is,  the  time  from  noon  to  noon,  or 
the  interval  that  elapses  between  two  successive  passages  of 
the  sun  across  the  meridian,  differs  from  day  to  day.  The 
mean,  or  average,  of  these  solar  days  for  an  entire  year  is 
known  as  the  mean  solar  day. 

The  mean  solar  day  is  divided  into  24  parts,  each  called  an 
hour  (h)  ;  the  hour  is  divided  into  60  parts,  each  called  a  min- 
ute (min)  ;  the  minute  is  divided  into  60  parts,  each  called  a 
second  (sec).  Except  in  certain  astronomical  measurements,, 
the  vnit  of  time  that  has  been  universally  adopted  is  the  mean 

our  secou.l.  which   is  thovoforc_    ^^^gp^gQ    ^^  ggjofp  Par* 

of  the  mean  solar  day.  This  is  the  second  that  is  indicated  by 
our  ordinary  timepieces. 

21.  The  Equation  of  Time.  Since  the  actual  solar  days  are 
of  variable  length,  while  our  clocks  and  watches  keep  mean 
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solar  time,  it  follows  that  ouly  at  certain  periods  during  the 
year  does  the  actual  solar  time  agree  with  the  mean  solar  time. 
Indeed,  there  are  but  four  days:  namely,  April  15,  June  15, 
August  31,  and  December  24,  when  the  sun  is  on  the  meridian 
at  the  time  which  we  call  twelve  o'clock.  The  deviation  from 
this  coincidence  may  be  as  great  as  14  min  29  sec,  which  occurs 
on  F.ebruary  11,  wiien  our  mean-time  clock  is  faster  than  the 
sun,  or  16  min  20  sec,  which  occurs  on  November  1,  when  our 
jnean-time  clock  is  slower  than  the  sun.  Accordingly,  in  the 
determination  of"  time  by  the  sun-dial,  it  is  necessary  always 
:to  apply  a  correction,  known  as  the  equation  of  time,  in  order 
to  reduce  the  true  solar  time,  which  is  there  indicated,  to  the 
mean  solar  time,  by  w^hich  our  lives  are  regulated. 

22.  Derived  Quantities  and  Derived  Units — The  C.  G.  S. 
System  of  Measurement.  All  quantities  except  the  three  fun- 
damental quantities  are  known  as  derived  quantities,  and  all 
units  except  the  three  fundamental  units  are  known  as  derived 
units.  Thus,  an  area,  being  derived  from  two  dimensions  of 
length,  is  a  derived  quantity,  and  the  unit  of  area,  the  square 
centimeter,  being  derived  from  the  unit  of  length,  is  a  derived 
unit. 

The  dimensions  of  a  quantity  indicate  the  number  of  times  the 
fundamental  quantities  enter  as  factors  into  the  expression  of 
that  quantity.  Thus,  an  area,  being  a  length  multiplied  by  a 
length,  has  for  its  dimensions  [L-],  where  [L]  is  used  to  denote 
the  dimension  of  length. 

Since  all  physical  quantities  may  be  expressed  in  terms  of  one 
or  more  of  the  fundamental  quantities,  le^igth,  mass,  and  time, 
and  since  the  units  of  these  quantities  are  the  centimeter,  the 
gram,  and  the  second,  respectively,  the  system  of  units  upon 
which  all  measurements  in  physics  are  ultimately  based  is  known 
as  the  .Centimeter-Gram-Second  system,  or,  more  briefly, 
as  the  C.  G.  S.  system. 

23.  The  Absolute  System  of  Units.  An  absolute  system  of 
units  is  one  which  is  based  upon  fundamental  units  that  are 
not  only  invariable  but  also  independent  of  locality,  and  in  which 
-the  derived  units  bear  the  simplest  possible  relation  to  the  funda- 
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mental  units.  Thus,  in  an  absolute  system,  the  unit  of  area  is 
the  square  of  the  unit  of  length,  the  unit  of  volume  is  the  cube 
of  the  unit  of  length,  etc.,  no  coefficients  or  factors  of  propor- 
tionality being  used.  From  this  it  is  seen  that  the  C.  G.  S.  sys- 
tem is  an  absolute  system,  as  is  also  the  British  system,  in  which 
the  fundamental  units  are  the  foot,  the  pound,  and  the  second. 
A  system,  however,  in  which  one  of  the  fundamental  units  is 
based  upon  the  weight  of  a  body — the  so-called  gravitational 
system,  for  instance — is  not  an  absolute  system ;  for  weight 
varies  from  place  to  place  upon  the  earth's  surface. 
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CHAPTER  III. 

CHARACTERISTICS  AND  LAWS  OF  MOTION. 

24.  Position.  By  the  position  of  a  particle  in  space  is 
meant  the  location  of  that  particle  with  respect  to  a  selected 
reference  system  which  is  at  rest.  To  obtain  such  a  system,  it 
is  usual  to  assume  three  straight  lines,  or  axes,  known  as  the 

co-ordinate     axes,     at     right 
Z  angles    to    one    another,    and 

meeting  at  a  point  called  the 
origin,  like  the  three  straight 
lines  which  meet  at  a  point 
in  the  corner  of  a  room. 
Thus,  Fig.  6,  0  may  be  con- 
sidered as  the  origin,  and  the 
lines  OX,  OY,  and  OZ  as 
X  the  co-ordinate  axes,  the  lat- 
ter being  commonly  called  the 
axes  of  X,  Y,  and  Z,  respee- 
X  tively.    The  three  planes,  XY, 

"f  YZ,    and    XZ,    which    these 

Fig.  6.  Axes  and  co-ordiuates.  axes    determine,    correspond- 

ing to  the  floor  and  the 
two  adjacent  walls  of  a  room,  are  known  as  the  co-ordinate 
planes.  When  a  reference  system  of  this  kind  has  been  chosen, 
it  is  possible  to  define  the  position  of  a  particle,  such  as  P,  by 
three  distances,  cc,  y,  and  z,  measured  from  the  origin  along 
the  co-ordinate  axes.  It  is  possible  also  to  determine  the  posi- 
tion of  P  by  the  length  of  the  line   OP  wliich  connects  this, 
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particle  with  the  origin,  and  by  the  angles  which  this  line  makes 
with  any  two  of  the  co-ordinate  axes.  The  quantities  which  thus 
specify  the  position  of  a  point  or  particle  with  respect  to  the 
reference  system,  such  as  the  length  of  the  lines  x,  y,  and  z, 
are  called  the  co-ordinates  of  that  point  or  particle. 

25.  Motion,  AVhen  a  change  occurs  in  any  one  or  in  all  of 
the  three  quantities  which  determine  the  position  of  a  particle, 
the  particle  is  said  to  move.  The  motion  of  a  particle  may  there- 
fore be  defined  as  a  change  of  position  of  that  particle  with  re- 
spect to  the  assumed  reference  system  or  other  particles,  the 
relative  positions  of  which  do  not  change. 

Thus  an  object  may  be  transferred  from  one  part  of  a  table 
to  another,  or  a  person  may  move  from  one  room  to  another, 
while  the  table  and  the  other  objects  in  the  room  remain  at  rest. 
These  other  objects,  however,  while  they  may  not  change  their 
positions  with  reference  to  the  walls  of  the  room,  or  even  to  the 
earth,  are  nevertheless  in  motion,  for  the  earth  itself  is  in  mo- 
tion about  its  axis  and  around  the  sun,  and  carries  wdth  it  all 
bodies  upon  its  surface.  Accordingly,  the  objects  which  were 
supposed  to  be  at  rest  upon  the  earth  are  indeed  at  rest  with  refer- 
ence to  this  body,  but  are  really  in  motion  with  respect  to  the 
sun.  The  sun,  moreover,  and  also  the  other  so-called  fixed  stars 
are  know  to  be  in  motion  through  space,  for  they  are  observed  to 
change  their  positions  with  respect  to  one  another.  This  being 
so,  all  motion  and  all  rest  in  the  universe  must  be  considered 
simply  as  relative  and  not  as  absolute,  for  there  is  no  known 
body  that  does  not  change  its  position  with  respect  to  some  other 
body.  "It  is,  therefore,  unscientific",  says  INIaxwell,  "to  dis- 
tinguish between  rest  and  motion,  as  betw^een  two  different  states 
of  a  body  in  itself,  since  it  is  impossible  to  speak  of  a  body  being 
at  rest  or  in  motion  except  M'ith  reference,  expressed  or  implied, 
to  some  other  body. ' ' 

When  a  body  moves,  the  path  along  which  the  motion  takes 
place  represents  the  successive  positions  which  the  body  has  oc- 
cupied. There  can  be  no  discontinuity  in  motion,  that  is,  matter 
cannot  disappear  from  one  position  and  reappear  at  another  with- 
out having  traversed  some  intermediate  path.    When  motion  has 
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taken  place,  it  is  absolutely  certain  that  matter  has  occupied 
every  point  of  the  path  between  the  initial  and  final  positions  of 
the  moving  body,  however  devious  this  path  may  be. 

Another  element  of  prime  importance  in  the  idea  of  motion  is 
the  time  that  is  thereby  necessarily  consumed.  Whether  a  mo- 
tion is  rapid  or  slow,  or  whatever  its  direction  may  be,  a  perfectly 
finite  time  is  required  for  a  body  to  change  its  position  with  re- 
spect to  surrounding  objects.  Besides  the  matter  which  moves 
when  motion  takes  place,  and  this  will  be  studied  in  detail  later, 
there  are  three  inherent  ideas  in  the  conception  of  motion,  one 
being  the  direction  of  motion,  another  the  length,  or  distance, 
over  Avhich  the  body  passes,  and  the  third  the  time  that  is  spent 
in  traversing  this  distance.  No  motion  can  take  place  unless 
direction,  distance,  and  time  are  involved;  and  the  study  of 
motion  leads  to  the  consideration  of  these  three  quantities,  and 
the  relations  which  they  bear  to  one  another. 

26.  Uniform  Motion  and  Varied  Motion.  When  we  observe 
the  different  bodies  which  move  in  the  world  about  us,  we  perceive 
that,  while  all  change  their  positions,  some  do  so  with  a  uniform 
motion,  and  others  with  a  motion  that  is  vaned.  A  body  moves 
with  uniform,  motion  when  the  direction  of  its  motion  remains 
unchanged,  and  when  it  passes  over  equal  distances  in  equal 
successive  intervals  of  time.  On  the  other  hand,  a  body  moves 
with  varied  motion  when  either  of  these  conditions  changes ;  that 
is,  when  the  direction  of  motion  changes,  or  when  the  body 
passes  over  unequal  distances  in  equal  successive  intervals  of 
time,  or  when  both  of  these  changes  in  motion  occur  together. 

27.  Uniform  Motion. — Velocity.  Since  in  uniform  motion 
equal  distances  are  passed  over  in  equal  successive  intervals  of 
time,  it  follows  that  twice  as  great  a  distance  will  be  passed  over 
in  two  of  these  equal  intervals  as  in  one.  Thus,  if  a  body  passes 
over  2  feet  in  1  second,  it  will  pass  over  4  feet  in  2  seconds,  6 
feet  in  3  seconds,  and  so  on.  From  this  it  is  evident  that 
the  condition  of  the  motion  of  this  body  may  be  expressed  by  any 
one  of  a  number  of  fractions,  the  numerators  of  which  repre- 
sent the  distances  passed  over,  and  the  denominators  the  times 
spent  in  passing  over  these  distances.     IMoreover,  the  values  of 
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these  fractions  are  all  equal  to  one  another,  and  are  equivalent 
to  the  distance  passed  over  in  the  unit  of  time. 

When  we  thus  divide  the  whole  distance  through  which  motion 
has  occurred  by  the  time  consumed  in  this  motion,  we  obtain 
the  rate  of  nwHon,  or  the  rate  of  change  of  position,  and  this 
quantity  is  termed  the  velocity.  Accordingly,  velocity  is  defined 
as  the  rate  of  motion,  that  is  it  is  the  ratio  of  the  distance 
passed  over  to  the  number  of  units  of  time  spent  in  passing  over 
this  distance,  or  it  is  the  distance  passed  over  in  the  unit  of  time. 
Thus,  from  the  above  example  of  uniform  motion,  we  may  obtain 
the  velocity  as  folloAvs: 

Anv  leno-th  C  feet        4  feet        2  feet  ,     . 

velocitv. 


Corresponding  time        3    sec        2    sec         1   sec 

from  which  we  know  that  the  body  moving  with  this  motion  has 
a  velocity  of  2  feet  per  second.  In  speaking  of  a  velocity,  it  is 
necessary  to  mention  toth  the  distance  passed  over  and  the  time 
spent  in  passing  over  this  distance. 

Moreover,  we  perceive  that  throughout  this  motion  the  veloc- 
ity remains  the  same,  or  is  constant.  Accordingly,  a  body  that 
moves  with  uniform  motion  has  a  constant  velocity ;  and,  con- 
versely, a  body  that  has  a  constant  velocity  moves  with  uniform 
motion. 

28.  Speed.  When  we  speak  only  of  the  distance  that  may 
be  described  in  a  certain  time,  without  considering  the  direction 
in  which  the  distance  may  be  traversed,  it  is  customary  to  use 
the  word  speed  instead  of  velocity.  Thus,  we  may  speak  of  the 
speed  of  a  race  horse  or  the  speed  of  a  train,  meaning  that  a  cer- 
tain distance  will  be  traversed  in  the  unit  of  time,  without  ref- 
erence to  the  particular  direction  in  which  this  motion  takes 
place.  Speed,  therefore,  refers  simply  to  the  numerical  part  of 
velocity,  and  is  independent  of  direction.  Accordingly,  to  have 
a  constant  velocity,  a  particle  or  body  must  move  with  uniform 
speed  in  a  straight  line. 

29.  Relations  in  Uniform  Motion.  If  the  motion  is  uniform, 
that  is,  if  the  direction  remains  unchanged  and  the  moving  body 
passes  over  equal  distances  in  equal  times,  the  relation  between 
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the  quantities  involved  in  velocity  may  be  shown  more  simply  as 
follows:  If  I  denotes  the  entire  lengtli,  or  distance,  passed  over 
with  uniform  motion,  t  the  number  of  units  of  time  consumed 
in  the  motion,  and  v  the  velocity,  then,  since 

1     .^         leno-th 
velocity  = 


time 


we  mav  write 


from  which 


or 


V  =  — 
t 


I  =  V  t, 


V 


These  three  expressions  may  be  interpreted  as  follows:  From 
the  first  we  understand  that  if  a  body  moves  uniformly  a  distance 
of  I  units  of  length  in  t  units  of  time,  it  will  move  a  distance  of 

—  units  of  length  in  1  unit  of  time,  or  that  it  has  a  velocity  of 

t 

—  units  of  length  per  unit  of  time.    From  the  second  we  learn 

that  the  entire  distance  I,  described  by  a  body  in  t  units  of  time, 
is  the  distance  v,  which  it  travels  in  1  unit  of  time,  multiplied  by 
t,  the  number  of  units  of  time.  From  the  third  we  see  that  the 
time  t  occupied  by  a  body  in  traveling  uniformly  a  certain  dis- 
tance is  the  ratio  of  the  entire  distance  I  that  it  travels  to  the 
distance  v  that  it  travels  in  1  unit  of  time. 
The  second  form  of  this  equation 

I  =:  V  t, 

is  of  particular  service  and  of  frequent  application  in  physics, 
inasmuch  as  it  expresses  the  distance  passed  over  by  a  body  or 
particle  which  moves  with  uniform  motion.     Since  the  distance 
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I  is  the  product  of  the  time  t  and  the  velocity  v,  this  distance 
may  be  represented,  as  in  Fig.  7,  by  the  area  of  a  rectangle,  in 
which  the  base,  or  t,  represents  the  time  of  duration  of  the  mo- 
tion, and  the  uniform  height,  or  v,  is  the  constant  velocity  of 
the  body  during  its  motion. 

30.    The  Unit  of  Velocity.   In  the  expression  for  the  velocity 


t 

if  ^  =  1  and  ^  =,  1,  then  v  =  1.  The  unit  of  velocity,  accord- 
ingly, is  the 'velocity  of  a  body  that  describes,  or  travels,  the 
unit  of  length  in  the  unit  of  time.  The 
unit  of  length  being  1  centimeter  and 
the  unit  of  time  1  second,  the  unit  of 
velocitij  is  the  velocity  of  a  body  that 
passes  over  1  centimeter  of  length  in 
1  second  of  time.    The  body  is  then  said  t 

to  have  a  velocitv  of  1  centimeter  per   i'"?;  J-  i"  ""ifonu  motiou  the 

'■  (listanee  passed   ovei-  equals 

Qppniirl  fli*'    velocity    multiplied    by 

**^'^"^^'^^-  the  time. 

31.  Varied  Motion.  If  the  direction  of  motion  changes, 
however,  or  if  the  moving  body  passes  over  unequal  distances 
in  equal  succeeding  intervals  of  time,  or  if  both  of  these  changes 
in  the  motion  occur  together,  the  motion  is  no  longer  uniform 
but  varied.  In  this  case  the  velocity  is  also  varied,  because  the 
distance  passed  over  in  one  unit  of  time  is  not  the  same  as  that 
passed  over  in  another  unit  of  time.  When  the  motion  is  varied, 
the  velocity  changes  from  instant  to  instant,  and  can  have  a 
meaning  only  when  we  specify  the  particular  moment  or  posi- 
tion at  which  it  is  to  be  measured.  Even  when  this  is  done,  a 
variable  velocity  cannot  be  expressed  by  the  distance  actually 
passed  over  in  a  unit  of  time,  since  the  motion  is  not  uniform 
during  that  unit  of  time.  Before  a  variable  velocity  can  be 
measured,  it  is  necessary  to  arrange  that  the  motion  he»ome  uni- 
form at  a  particular  point  or  inatant,  and  that  it  remain  uniform 
for  at  least  one  succeeding  unit  of  time.   The  distance  passed  over 
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during  that  unit  of  time  then  measures  the  velocity  in  the  uni- 
form motion,  and  also  the  velocity  in  the  varied  motion  at  the 
instant  when  it  ceased  to  be  varied  and  became  uniform.  There- 
fore, when  the  motion  is  varied,  the  velocity  at  a  particular 
instant  is  the  distance  that  would  he  passed  over  in  one  unit  of 
time  if,  beginning  with  iliat  instant,  the  motion  were  to  he- 
come  uniform. 

The  measurement  of  a  velocity  in  varied  motion  at  any  particu- 
lar point  may  be  illustrated  by  allowing  a  ball  that  rolls  down  an 
inclined  plane  to  leave  the  plane  at  that  point  and  roll  off  upon 
a  horizontal  board.  "While  the  ball  is  on  the  inclined  plane  it 
has  a  variable  velocity,  because  in  this  case  its  velocity  is  con- 
tinually increasing ;  but  as  soon  as  it  rolls  off  upon  the  horizon- 
tal board,  it  has  approximately  a  constant  velocity,  and  its  mo- 
tion is  practically  uniform.  The  actual  velocity  of  the  ball  at 
the  given  point  on  the  inclined  plane  may  be  determined  by 
placing  the  end  of  the  horizontal  board  at  that  particular  point, 
and  measuring  the  distance  on  this  board  that  the  ball  passes 
over  in  one  second  of  time.  The  distance  passed  over  in  one 
second  on  the  horizontal  board  measures  the  velocity  of  the 
ball  on  this  board,  and  therefore,  also,  its  velocity  on  the  inclined 
plane  at  the  particular  point  at  which  it  left  the  plane. 


^  See.   1  Sec. 


Fig.  S.  Measurement  of  the  velocity  of  a  ball  after  rolling  for  1  second  on  an 

inclined  plane. 


Thus,  if  the  inclined  plane  is  16  feet  in  length  and  a  little 
more  than  1  foot  in  height,  the  ball  will  be  observed  to  roll  1 
foot  in  1  second,  4  feet  in  2  seconds,  9  feet  in  3  seconds,  and 
16  feet  in  4  seconds.  Accordingly,  during  the  first  second  it 
rolls  1  foot,  during  the  second  second  3  feet,  during  the  third 
second  5  feet,  and  during  the  fourth  second  7  feet;  and,  as  it 
obviously  passes  over  unequal  distances  in  equal  intervals  of 
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time,  its  motion  is  varied  and  its  velocity  is  not  constant.  After 
it  has  rolled  for  1  second  on  the  inclined  plane,  Fig.  8,  its 
velocity  may  be  measured  by  placing  the  end  of  the  horizontal 
board  1  foot  from  the  top  of  the  plane  and  observing  the  dis- 


^  5e: 


Fig.  9.  Measurement  of  tbe  velocit.v  of  a  ball  after  roUinj 

inclined  plane. 


for  2  seconds  on  an 


tance  it  rolls  on  this  board  during  the  succeeding  second,  Avhich 
will  be  found  to  be  2  feet.  The  velocity  of  the  ball  on  the  hori- 
zontal board,  and  therefore  also  its  velocity  after  rolling  for  1 
second  on  the  inclined  plane  is  thus  found  to  be  2  feet  per  second. 
In  the  same  way.  Fig.  9,  after  the  ball  rolls  for  2  seconds  on 
the  inclined  plane,  its  velocity  may  be  determined  by  observing 
the  distance    traversed  in  one  second  on  the  horizontal  board, 


Fig.  10.  Measurement  of  the  velocit.y  of  a  ball  after  rolling  for  3  seconds  on  an 

inclined  plane. 


when  this  is  placed  4  feet  from  the  top  of  the  plane.  As  it  then 
passes  over  4  feet  in  one  second  on  the  horizontal  board,  its 
velocity  here,  and  therefore  also  its  velocity  after  rolling  for  2 
seconds  on  the  inclined  plane,  is  4  feet  per  second.  Similarly, 
Fig.  10,  after  the  ball  rolls  for  3  seconds  on  the  inclined  plane, 
its  velocity  is  found  to  be  6  feet  per  second,  and  after  it  rolls 
for  4  seconds  on  the  inclined  plane,  its  velocity  is  8  feet  per 
second. 
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32.  Acceleration.  When  the  moving  body  passes  over  un- 
equal distances  in  equal  times,  that  is,  when  the  velocity  is  chang- 
ing in  magnitude,  or  in  direction,  or  in  both,  the  motion  is  said 
to  be  accelerated.  A  change  in  the  velocity,  however,  cannot 
take  place  instantaneously,  and  therefore  a  perfectly  definite 
time  is  required  for  the  velocity  to  change  by  a  finite  amount. 
If  the  velocity  changes  by  the  same  amount  in  equal  successive 
intervals  of  time,  the  motion  is  said  to  be  uniformly  accelerated. 
In  this  case,  it  is  possible  to  divide  the  total  change  in  the 
velocity  by  the  time  spent  in  producing  this  change,  and  so  to 
obtain  the  quantity  known  as  the  rate  of  change  of  the  velocity, 
or  the  acceleration.  Accordingly,  in  uniformly  accelerated  mo- 
tion, the  acceleration,  or  the  rate  of  change  of  velocity,  is  the 
ratio  of  the  entire  change  of  velocity  to  the  entire  number  of 
units  of  time  spent  in  producing  this  change,  that  is,  it  is  the 
change  of  velocity  that  takes  place  in  the  unit  of  time.  Since 
this  change  of  velocity  that  takes  place  in  one  unit  of  time  is 
the  same  as  that  that  takes  place  in  any  other  unit  of  time,  the 
acceleration  is  constant,  from  which  it  follows  that  a  constant 
acceleration  produces  a  iiniformly  accelerated  motion. 

In  order  to  determine  the  change  of  velocity  that  takes  place 
during  a  certain  time,  we  may  subtract  the  velocity  at  the  be- 
ginning of  this  time  from  the  velocity  at  the  end  of  the  time. 
Thus  if  y,,*  represents  the  velocity  of  the  body  when  the  obser- 
vation begins,  that  is,  the  velocity  at  zero  time,  and  V  the  veloc- 
ity at  the  end  of  t  units  of  time,  then 

represents  the  total  change  of  the  velocity  in  t  units  of  time,  and 

r—  IT, 


represents  the  change  of  the  velocity  in  one  unit  of  time,  or  the 
acceleration.     Therefore,  if  a  represents  the  acceleration. 


*  According  to  the  convention  that  will  be  adopted  in  tbese  notes,  v  represents 
the  constant  velocity  in  uniform  motion,  and  V  the  velocity  at  the  end  of  the 
given  time  in  accelerated  motion. 
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a  =  1:=^'  (1). 

t 

"When  the  acceleration  is  not  constant,  this  expression  still 
holds  true;  but  in  this  case  t  represents  an  extremely  small  in- 
terval of  time,  and  the  acceleration  may  be  considered  as  re- 
maining constant  during  this  very  short  period. 

33.  The  Measurement  of  Acceleration.  The  measurement  of 
the  constant  acceleration  in  uniformly  accelerated  motion  may 
be  beautifully  illustrated  by  the  inclined  plane  and  the  horizon- 
tal board  just  described.  If  the  ball  starts  from  rest  and  rolls 
for  one  second  on  the  inclined  plane,  its  velocity  at  the  end  of 
that  second  will  be  2  feet  per  second,  as  we  have  just  seen.  Its 
velocity  at  the  beginning  of  the  second  being  0,  and  at  the  end 
of  the  second  being  2  feet  per  second,  the  change  of  velocity  that 
has  taken  place  during  that  second  is  2  feet  per  second,  and  this 
we  have  measured  on  the  horizontal  board.  It  Avas  necessary, 
however,  for  the  ball  to  roll  for  1  second  on  the  inclined  plane 
in  order  to  produce  this  change  of  velocity  of  2  feet  per  second 
on  the  horizontal  board.  Accordingly,  the  rate  of  change  of  the 
velocity,  that  is,  the  i^atio  of  the  change  of  velocity  to  the  time 
spent  in  producing  this  change,  or  the  acceleration,  is 

Change  of  velocity  of  2  feet  per  second  (on  the  horizontal  board): 
1  second  (on  the  inclined  plane)  * 

or  the 

Acceleration  =  2  feet  per  second  in  a  second. 

In  the  same  way,  if  we  allow  the  ball  to  roll  for  2  seconds  on 
the  inclined  plane,  its  velocity  at  the  end  of  this  time  will  be  4 
feet  per  second,  as  we  have  seen  above.  The  change  of  the  ve- 
locity, as  determined  on  the  horizontal  board,  is  thus  found  to 
be  4  feet  per  second,  and  it  re(iuiros  2  seconds  on  the  inclined 
plane  to  produce  this  change.    The  acceleration,  therefore,  or  the 
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ratio  of  the  change  of  the  velocity  to  the  time  spent  in  producing 
this  change,  is 

Change  of  velocity  of  4  feet  per  second  (on  the  horizontal  board) 
2  seconds  (on  the  inclined  plane) 

or, 

Change  of  velocity  of  2  feet  per  second  (on  the  horizontal  board) 
1  second  (on  the  inclined  plane) 


or. 


Acceleration  =  2  feet  per  second  in  a  second. 

In  a  similar  way  it  may  be  shown  that  after  the  ball  has  rolled 
on  the  inclined  plane  for  3  seconds,  and  also  for  4  seconds,  its 
acceleration  is  still  2  feet  per  second  in  a  second.  It  is  thus  seen 
that  throughout  the  entire  length  of  the  inclined  plane,  the  ac- 
celeration is  constant  and  equal  in  magnitude  to  2  feet  per  sec- 
ond in  a  second.  Accordingly,  a  constant  acceleration  produces 
a  uniformly  accelerated  motion. 

It  must  be  observed  that  this  particular  acceleration  here 
taken  for  illustration  is  spoken  of  as  2  feet  per  second  in  a  sec- 
ond. It  must  also  be  noted  most  carefully  that  these  two  sec- 
onds, which  are  always  to  be  mentioned  in  speaking  of  an  ac- 
celeration, are  not  the  same  second.  The  first  second  has  to  do 
with  the  change  of  the  velocity — in  our  illustration  as  determined 
on  the  horizontal  board — while  the  second  second  refers  to  tlie 
time  required-far  tJiat  change  of  velocity  to  take  place,  or  the  time 
on  the  inclined  plane. 

Since  the  acceleration  implies  a  change  in  the  velocity  of  a 
body,  that  change  may  be  such  as  to  increase  its  motion,  or  to 
retard  its  motion,  or  to  produce  a  change  in  the  direction  of  its 
motion.  Every  motion,  therefore,  that  is  not  a  uniform  motion 
in  a  straight  line  is  an  accelerated  motion.  Acceleration  is  posi- 
tive or  negative  according  as  the  velocity  is  increasing  or  de- 
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creasing.    A  negative  acceleration  produces  a  retardation  of  the 
motion. 

34.     The  Unit  of  Acceleration.    In  the  above  expression  for 
acceleration, 

r—  TT, 


if  both  numerator  and  denominator  are  made  equal  to  unity,  the 
acceleration  also  becomes  unity.  The  unit  acceleration,  there- 
fore, is  the  acceleration  of  a  body,  the  velocity  of  ivMch  changes 
hy  one  unit  of  velocity  in  one  unit  of  time.  The  unit  of  velocity 
being  one  centimeter  per  second,  and  the  unit  of  time  one  sec- 
ond, the  unit  of  acceleration  is  the  acceleration  of  a  body,  the 
velocity  of  which  changes  at  the  rate  of  one  centimeter  per 
second  in  a  second. 

35.  Distance  Passed  Over  in  Uniformly  Accelerated  Motion. 

"When  a  body  passes  over  a  given  distance  in  a  certain  time  with 
accelerated  motion,  the  velocity  of  the  body  changes  from  point 
to  point.  However  varied  may  have  been  the  motion  during  the 
time,  it  is  evident  that  the  mean,  or  average,  of  all  the  varying 
velocities  is  equivalent  to  the  constant  velocity  with  which  the 
body  could  have  passed  over  the  same  distance  in  the  same  time 
if  the  motion  had  been  uniform  and  not  accelerated.  If  v  rep- 
resents this  average  constant  velocity,  then,  as  in  actual  uniform 
motion  (p.  24),  the  distance  I  passed  over  in  time  t  is  expressed 
by 

l  =  vt. 

If  the  motion  is  uniformly  accelerated,  the  velocity  increases  or 
decreases  by  equal  amounts  in  equal  successive  intervals  of  time, 
so  that  the  equivalent  constant  velocity  v  is  the  average  of  the 
velocities  V^  and  V,  at  the  beginning  and  at  the  end  of  the  time 
respectively,  that  is  to  say, 

TT.  +  V 
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When  this  value  of  v  replaces  v  in  the  above  equation  for  the 
distance  passed  over  in  the  equivalent  uniform  motion,  we  have, 
as  the  distance  passed  over  in  uniformly  accelerated  motion, 


v,+  r 


(2). 


y 

r--;^^^-^^ 

Tf 

'           2         * 

ir 


Just  as  the  distance  passed 
over  by  a  body  moving  with 
uniform  motion  may  be  rep- 
resented by  the  area  of  a  rect- 
angle (p.  25),  so  also  may 
the  distance  described  in  un- 
iformly accelerated  motion 
be  expressed  by  the  area  of 
a  quadrilateral  of  the  shape 
shown  in  Fig.  11.  Here 
the  velocities  at  the  beginning  and  at  the  end  of  the  time 
t  are  indicated  by  the  vertical  distances  Y^  and  V,  respectively, 
while  the  mean,  or  average,  velocity  for  the  entire  time  is  given 
by  the  mean  height  of  the  figure,  which  is 

XT,  +  T^  ■ 


Fig.  11.  In  uniformly  accelerated  mo- 
tion the  distance  passed  over  equals 
the  average  velocity  multiplied  by  the 
time. 


Since  the  mean,  or  average,  height  is  noAV  known,  the  area 
of  the  equivalent  rectangle  is  obtained  by  multiplying  this 
average  height  by  the  base.  The  distance  I,  therefore,  passed 
over  in    uniformly    accelerated  motion  is  equal  to  the    average 

velocity  — '^-^ multiplied  by  the  time  /,  that  is,  it  is  equal  to 

the  average  distance  passed  over  in  one  second,  multiplied  by  t^ 
the  number  of  seconds,  or 


I  = 


Vo  +  V 
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By  referring  to  the  last  figure,  it  is  to  be  observed  that  in 
uniformly  accelerated  motion  the  average  velocity  for  the  entire 
time  is  the  same  as  the  actual  velocity  at  the  end  of  the  first 
half  of  the  time. 

36.  The  Laws  of  Uniformly  Accelerated  Motion.     If  V  is 

eliminated  between  equations  (1)  and  (2) 

1=    IT,  ^  +  i  ar-  (8). 

2 

and  if  t  is  eliminated  between  (1)  and  (2), 

/  =  I— =^I^'.  ■  (4). 

2  a 

These  four  equations  represent  the  four  great  laws  of  uni- 
formly accelerated  motion,  where  the  moving  body  has  an  in- 
itial velocity  Fo- 

If  the  body  starts  from  rest,  that  is,  if 


IT,  -  0 

these 

four 

equations 

reduce  to  the  following : 
a  =  — ,  or   V  =  a  t, 

/ 

(5). 

(6). 
(7). 


/  =   iJ,  or   V  ^  2  a   I.  is). 

2  a 

37.  Falling  Bodies.  Under  the  influence  of  gravity,  bodies 
falling  freely  experience  an  acceleration  of  981  centimeters  per 
second  in  a  second.  The  acceleration,  which  is  nearly  uniform 
all  over  the  earth,  is  constant  for  any  one  place  and  is  known 
as  the  acceleration  of  gravitv.     Since  falling  bodies   thus   move 
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with  a  constant  acceleration^  their  motion  as  they  fall  is  uni- 
formly nccelerated,  and  to  them  the  foregoing  laws  of  uniformly 
accelerated  motion  apply.  In  this  ease,  however,  the  accelera- 
tion which  is  occasioned  by  the  attraction  of  gravity  is  denoted 
by  the  letter  g,  where 

g  ^  981  centimeters  per  second  in  a  second.    . 

38.  B2*dies  Falling  with  an  Initial  Velocity.  If  bodies  fall 
\with  an  initial  velocity  V^,  that  is,  if  they  are  projected  down- 
ward with  this  velocity,  the  motion,  which  is  uniformly  accel- 
lerated,  is  represented  by  equations  (1)  —  (4),  in  which,  how- 
i£ver,  g  replaces  a,  as  follows: 

T^ —  IT, 
g  = ,   or  V  =    Vo  -j-  (/  t,  (9); 


I  =   I1±X  ^,  (10); 


/  =    Tu  <  +i  ^r,  (ll); 


/  =  ^ 1^,  or  r-  =  TTr  -\- 2  </  I.  (l2). 

39.  Bodies  Falling  Freely  from  Rest.  If  there  is  no  initial 
velocity  downward,  that  is,  if  the  bodies  fall  freely  from  rest, 
then 

-  Vo  =  0, 

and  the  above  four  laws,   (9)— 12),  become  the  laws  of  freely 
falling  bodies,  as  follows : 

,,  =.1,    or  V=  r/t,  (13); 

t 


I  =   L  vt,  (U); 

2 
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I  =  i  </r,  (15); 


V 


I 


^,  or  F'  =  2  ^  /,  (16). 

'  40.  Projection  Upward.  The  laws  expressed  in  equations 
(9) (12)  are  applied  to  the  motion  of  bodies  projected  down- 
ward, where  g  is  of  the  same  sign  as  I,  Y ^,  and  7,  all  of  which  are 
positive  in  this  direction.  For  bodies  projected  upward,  I,  Fo, 
and  r  are  positive  upward,  while  g,  being  still  directed  down- 
ward, is  negative.  The  laws  for  projection  upward,  therefore, 
iire  the  same  as  the  above  four  laws  for  projection  downward, 
in  which,  however,  — g  replaces  g,  as  follows : 

Y  =  V-g  t,        '  .       (17)  ; 

/=I^-±-L%,  ■  (18),. 

2 
/=  \\,t—^uf,  (19); 

2 


I  =    ^^'~  ^^\  or   V  =  TV  —  2  //  L  (20). 

—  2,v 


U=Of 


t-? 


41.  Problems  in  Projection  Upward.  These  ex- 
pressions for  the  motion  of  bodies  projected  up- 
ward make  possible  the  solution  of  the  following 
problems : 

1.  To  find  the  time  of  ascent  of  a  body  when 
projected  upward   with   an   initial  velocity  of  To- 

The  body  will  continue  to  ascend  until  the  final 
velocity  becomes  zero  and  the  body  comes  for  an 
instant  to  rest,  Fig.  12.     In  this  case 

V  =  0, 

:and  equation  (17)  becomes  '"  "of  \rscent '"^ 

Vo  =  gt, 
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or, 


t  = 


9 


This  equation,  however,  is  of  the  same  form  as  (13),  which 
expresses  the  time  required  by  a  body  falling  freely  from  rest 
to  acquire  the  velocity  V.  The  time,  therefore,  during  which  a 
fbodj  will  continue  to  rise  when  projected  upward  with  an  in- 
ritial  velocity  V^  is  the  same  as  that  required  by  a  body  when 
falling  freely  from  rest  to  acquire  a  velocity  equal  to  the  initial 
welocity. 


S.  To  find  the  height  to  which  a  body  will  as- 
cend w^hen  projected  upward  with  an  initial  ve- 
locity Yo- 

In  this  case  also,  Fig.  13,  the  body  will  con- 
tinue to  ascend  until  the  final  velocity  becomes 
zero,  that  is,  until 

V  =  0. 

Equation    (20)    then  becomes 

K"'  =  2  1/  /, 
or, 


V"0 


Vo 


1=? 


% 


Fig.  13. 

Height    of 

ascent. 


/  = 


2// 


But  this  equation  is  of  the  same  form  as  (16),  which  expresses 
the  height  from  which  a  body  must  fall  freely  from  rest 
to  acquire  the  velocity  V.  The  height,  therefore,  to  which 
a  body  will  ascend  when  projected  upward  is  the  same  as  that 
from  which  the  body  must  fall  freely  from  rest  to  acquire 
a  velocity  equal  to  the  initial  velocity.  The  velocity  of  descent 
is  thus  shown  to  be  the  same  as  the  initial  velocity  of  ascent. 

3.     To  find  the  time  when  a  body,  projected  upward  with  an 
initial  velocity  Vq,  will  be  at  a  given  height. 


VECTORS. 


3T 


The  expression  for    the  height  in  this  case    is 
^iven  by  equation  (19), 


V=0 


/  =    Vof 


r/^% 


where  I  is  the  given  height,  Fig.  14.  Since  this  is 
a  quadratic  in  t,  two  positive,  unequal  values  of  t 
that  will  satisfy  the  equation  may  in  general  be 
found.  This  shows  that  there  are  two  different 
times  when  a  body  will  be  at  the  given  height,  one 
during  the  ascent  and  the  other  during  the  de- 
scent. 


Vo 


K. 


V/, 


Fig.  14.     Time 
at  a  given 
height. 


V 


/ 


CHAPTER  IV. 

VECTORS  AND  VECTOR  QUANTITIES 


42.  Vectors.  Any  physical  quantity  that  has  direction  as 
well  as  magnitude  is  called  a  vector  quantity.  Any  quantity 
that  possesses  magnitude  only,  but  not  direction  is  a  scalar 
quantity,  or  a  scalar.  Motion,  velocity,  acceleration,  flow,  etc., 
are  examples  of  vectors,  while  mass,  area,  volume,  time,  energy, 
speed,  etc.,  are  scalars.  Algebraic  symbols,  and,  indeed, 
ordinary  algebraic  operations  have  to  deal  with  scalar 
quantities  only.  Vector  quantities,  or  vectors,  may  be  repre- 
sented by  geometrical  lines  so  drawn  that  each  line  is  parallel 
in  direction  to  the  vector  that  it  represents,  and  is  also 
proportional  in  length  to  the  magnitude  of  this  vector.  The 
minus  sign  before  a  vector  indicates  a  negative  vector.  This, 
however,  is  the  same  as  an  equivalent  positive  vector,  but  turned 
in  the  opposite  direction.  Thus,  vector  BA,  Fig.  15,  is  minus 
vector  AB.     Since  magnitude  and  direction  are 

the  only  quantities  that  specify  a  vector,  a  vec-   A B 

tor  may  be  moved  anywhere  parallel  to  itself,  fig.  is.  a  vector, 
provided  only  that  its  length  and  its  direction 
remain  unchanged. 

43.  Addition  of  Two  Vectors.    If  vectors  are  parallel  to  one 
another,  they  may  be  combined  into  a  single  vector  by  taking 
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their  algebraic  sum.     Thus,  Fig.  16,  vector  AB  pkis  vector  BC 
equals  vector  AC.    If  these  vectors  represent  motions,  this  indi- 
cates that  motion  from  A  to  B 

"  ,  ■        V Q   plus    motion    from    B    to    C    is 

Fig.  16.   AfidiUon^and^^sii^btraction  of  equivalent  to  motion  from  A  to 

C.  In  the  same  way,  vector  AC 
minus  vector  BC,  or,  what  is  the  same  thing,  vector  AC  plus 
vector  CB  equals  vector  AB.  Again,  if  these  vectors  represent 
motions,  this  shows  that  motion  from  A  to  (J  plus  motion  from 
C  to  B  is  equivalent  to  motion  from  A  to  B. 

If  vectors  make  an  angle  with  one  another,  they  cannot  be 
united  algebraically  into  a  single  vector,  but  may  be  combined 
or  compounded  only  geometrically.  In  the  case  of  two  vectors, 
the  line  representing  one  is  drawn  from  the  end  of  the  line  rep- 
resenting the  other,   and  the    line 

now    drawn    from    the     starting       /a  q 

point  of  the  first  vector  to  the  end 
of    the    second   is    the    "sum"    of 

these    two   vectors.     Thus,    if  vec-  ^      ,_    ^ 

1' iG.  1(.     Two  vectors  to  be  added. 

tor  BC,   Fig.   17,   is   to  be  added 

to  vector  AB,  a  line  equal  and 
C  parallel  to  BC,  Fig.  18,  is  drawn 
from  the  end  of  a  line  equal  and 
parallel  to  AB.  The  final  line  AC 
that  may  now  be  drawn  from  the 
starting  point   A  to  the  extremity 

Fig.  is.     Addition  of  vectors  /y     -^^-r.^^^^    j-„       •  -j.     i  n 

making  an  angle.  ^'    represents,    m    magnitude    and 

direction,    the    sum    of    these    two 
vectors.     Thus : 

Vector  ^5  +  Vector  BC  =  Vector  AC. 

This  may  seem  at  first  to  violate  the  proposition  in  geometry 
that  the  sum  of  two  sides  of  a  triangle  is  greater  than  the  third. 
It  must  be  remembered,  however,  that  a  wider  meaning  has 
been  given  to  the  sign  +,  and,  therefore,  an  equally  liberal  in- 
terpretation must  be  extended  to  the  sign  =.  The  sign  =  must, 
then,  be  read  ''equivalent  to"  instead  of  ''equal  to".  The  addi- 
tion, therefore,  of  these  two  vectors  must  be  understood  to  mean 
the  following:  a  displacement  from  A  to  B,  followed  by  a  dis- 
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placement  from  B  to  C,  is  equivalent  to  a  displacement  from  A 
toC. 

44.  Addition  of  Several  Vectors.  If  more  than  two  vectors 
are  to  be  compounded,  this  process  must  be  continued  until  each 
vector  in  turn  has  been  added  to  those  that  have  preceded. 
Thus,  if  a  third  vector  is  to  be  compounded  Avith  these  other  two, 
a  line,  the  length  and  direction  of  which  represents  this  third 
vector  must  be  drawn  from  the  end  C  of  the  second ;  a  line  rep- 
resenting a  fourth  vector  must  then  be  drawn  from  the  extrem- 
ity of  the  third ;  and  so  on.  The  line,  that  is  finally  drawn  from 
the  original  starting  point  of  the  first  vector  to  the  extremity  of 
the  last,  represents  in  length  and  direction  tJie  magmtude  of  the 

sum  of  the  separate  vectors.     Thus  if  a,  /3,  7, Fig.  19, 

represent  several  vectors,  AB,  Fig.  20,  may  be  drawn  to  repre- 


Fig.  19.    Vectors. 


Fir..  20.     Addition  of  several  vectors.. 


sent  a,  BC  may  be  drawn  from  B  to  represent  /?,  CD  may  be 
drawn  from  C  to  represent  7,  and  so  on.  The  line  AG,  which 
connects  the  starting  point  A  of  the  first  vector  with  the  ex- 
tremity of  the  last  vector,  is  then  the  sum  of  the  several  vectors. 
The  final  sum  of  two  or  more  vector  quantities  is  called  the 
resultant  of  the  separate  vectors,  and  the  vectors  themselves  are 
called  the  components.  The  resultant  of  any  number  of  vectors 
therefore,  is  the  single  vector  that  can  take  the  place  of  all  the 
given  vectors.  . 

It  is  to  be  observed  that  the  component  vectors,  taken  in  cy cheat, 
order,  form  the  sides  of  an  open  polygon,  and  that  the  line  AG, 
representing  the  resultant  of  these  vectors,  is  the  line  drawn 
from  the  point  A  that  closes  this  polygon.  The  line  closing  the 
vector  polygon  must,  however,  be  taken  in  a  direction  opposite 
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to  the  cyclical  order  of  the  other  sides  of  the  polygon,  that  is, 
it  must  begin  at  the  original  starting  point  of  the  first  vector. 
If  the  point  G  coincides  with  the  point  A,  the  resultant  is  zero, 
and  the  effect  of  all  the  vectors  combined  is  the  same  as  if  no 
vectors  whatever  had  operated.  A  system  of  vectors  having  a 
zero  resultant  produces  the  condition  known  as  equilibrium.  In 
forming  the  vector  polygon,  any  vector  may  be  considered  as  the 
first  one,  the  component  vectors  may  be  taken  in  any  order,  and 
they  may  cross  one  another  if  necessary.  Indeed,  the  polygon 
need  not  be  plane. 

45.  The  Parallelogram  Law.  The  above  means  of  combining 
vectors  is  equivalent  to  compounding  them  according  to  the  paral- 
lelogram law.  When 
the  latter  method  is 
employed,  and  this  is 
the  one  commonly  used, 
lines  representing  the 
magnitudes  and  direc- 
tions of  the  several 
component  vectors  are 
first  drawn  from  a 
given  point  A,  Fig.  21.  Any  vector  as  AB,  for  instance,  is 
chosen  as  the  first  one,  and  any  other  vector  as  AI),  or,  what  is 
the  same  thing,  BC,  is  then 
added  to  it,  Fig.  22,  forming 
the  sum  AC,  as  we  have  just 
seen.  E^garding  tlien  for 
the  moment  only  these  two 
vectors,  AC,  which  is  the 
sum  of  vectors  AB  and  AB, 
is  the  diagonal  of  the  parallelogram  founded  on  vectors  AB 
and  AD  as  sides.  Vector  AC  is,  then,  the  resultant  of  vectors 
AB  and  AD,  and  these  two  vectors  are  regarded  as  the  com- 
ponents of  that  resultant. 

Since  vector  AC  can  now  in  every  way  take  the  place  of  vec- 
tors AB  and  AD,  this  single  vector  may  be  regarded  as  having 
actual  existence,  and  may  be  compounded,  also  by  the  parallel- 
ogram law,  with  any  other  vector,  as  AF,  Fig.  23.  Accordingly, 
the  resultant  of  vectors  AC  and  AF  is  vector  AE,  and  this  is 


Fig.  21.    Tbe  same  vectors  sliown  in  Fig  It). 


Fig.    22.    Addition     or    composition     of 

two  vectors  by  the  parallelogram 

law. 
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the  diagonal  of  the  parallelogram  founded  on  vectors  AC  and 
AF  as  sides.  Vector  AE,  v^hich  is  the  resultant  of  vectors  AC 
and  AP,  is  then,  also  the 
resultant  of  vectors  AS,  AD, 
and  AF.  In  this  way  each 
resultant  vector  thus  ob- 
tained may  be  compounded 
by  the  parallelogram  law 
with  another  one  of  the  com- 
ponent vectors  until  these  ^ig.  23.  composition  of  tliree  vectors  by 
■^  tbe   parallelogram   law. 

components  have  all  in  turn 

been  used.      The  final   diagonal   thus   obtained   represents,    in 

magnitude   and   direction   the   resultant  of   all   the   component 

vectors. 

46.  The  Resolution  of  a  Vector.  This  method  of  compound- 
ing vectors  has  the  further  advantages  of  allowing  any  vector 
to  be  regarded  as  the  resultant  of  two  component  vectors,  and 
of  resolving  this  vector  into  these  components.  That  is,  any 
vector  may  he  replaced  by  two  components  in  any  directions, 
provided  only  that  these  components,  when  added  together,  make 
the  original  vector.  In  order  that  the  vector  may  be  resolved 
into  its  components,  the  directions  of  these  components  must  be 
specified,  but  their  magnitudes  are  determined  by  the  parallelo- 
gram law.  This  is  accomplished  by  regarding  the  given  vector 
as  the  diagonal  of  a  parallelogram,  the  sides  of  which  are  par- 
allel to  the  required  directions  of  the  component  vectors.  The 
parallelogram  is  then  completed  by  drawing  lines  from  the  ex- 
tremity of  this  diagonal  parallel  to  the  given  directions.  The 
intercepts  thereby  produced  upon  these  directions  give  the  re- 
quired magnitudes  of  the  compo- 
nent vectors. 

Thus,  for  instance,  it  may  be 
required  to  resolve  the  vector  AC^ 
Fig.  24,  into  two  components  hav- 
ing the  directions  AP  and  AQ. 
From  the  extremity  C  of  the  given 
vector,  lines  CB  and  CD  are  drawn     pio.  24.    Resolution  of  a  vector 

n   T       ,         , V  •  J-        i-  into  its  components. 

parallel    to    the    given    direction.  s 

The  intercepts,  AB  and  AD,  upon 

these  directions  are  the  components  required,  for  vectors  AB 


Vo' 
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Fig.  25.     The  resultant  of  two  uniform 
motions  is  a  uniform  motion. 


and  AD,  compounded  according  to  the  i)arallelogram  law,  are 
equivalent  to  vector  AC,  the  resultant. 

47.  Resultant  Motion — Composition  of  Two  Uniform  Mo- 
tions. If  two  uniform  motions  are  compounded  according  to 
the  parallelogram  law,  the  resultant  is  still  a  uniform  motion, 
as  may  be  seen  with  the  aid  of  Fig.  25.  Here  OA,  OB,  OC,  and 
OA^,  OB',  OC  represent  the  distances  described  with  uniform 

motion  in  1,  2,  and  3  units 
of  time  in  the  horizontal  and 
in  the  inclined  directions  re- 
spectively, the  equal  dis- 
tances OA,  AB,  BC  and  also 
the  equal  distances,;  OA', 
A'B',  B'C  being  described  in 
equal  times.  At  the  end  of 
the  first  unit  of  time,  if  the  horizontal  motion  only  were  pres- 
ent, the  moving  particle  would  be  found  at  A,  at  the  end  of 
the  second  unit  of  time  at  B,  and  at  the  end  of  the  third  unit 
at  C,  and  so  on ;  while  if  the  inclined  motion  were  the  only  one 
to  be  considered,  the  particle  at  the  end  of  the  first  unit  of  time 
would  be  found  at  A',  at  the  end  of  the  second  unit  of  time 
at  B',  and  at  the  end  of  the  third  unit  at  C\  and  so  on. 

The  particle,  however,  is  actuated  by  both  motions  simul- 
taneously. Therefore,  at  the  end  of  the  first  unit  of  time  it  is 
found  by  the  parallelogram  law  to  be  neither  at  A  nor  at  A^,  but 
at  P ;  at  the  end  of  the  second  unit,  neither  at  B  nor  at  JB',  but 
at  Q;  at  the  end  of  the  third  unit,  neither  at  G  nor  at  C\  but  at 
B,  thus  having  passed  over  the  distance  0  P  Q  B. 

That  this  distance  has  been  traversed  with  uniform  motion 
may  be  seen  by  considering  that,  since  the  triangles  0  AP, 
0  B  Q,  0  C  B  are  similar,  their  sides  are  proportional,  so  that 


But 


and  therefore 


OP  :0Q   :OB  =  OA   :0B  :0C. 


OA  :0B   :0C  =  1   :2  :3. 


OP  :0Q  -.OB  =  1  :2  :3. 


RESULTANT    MOTIONS. 


r;' 


43 


/ 


Fig.  20.     Tbe    resultant    of    two    uniformly- 
accelerated  motions  is  a  uniformly 
accelerated  motion. 


In  other  words,  the  distances  passed  over  are  proportional  to 
the  times  spent  in  traversing  these  distances,  and  so  (p.  24,  eq. 
2),  the  motion  from  0  to  12  is  uniform.  Accordingly,  two  uni- 
form motions  compounded  by  the  parallelogram  law  produce  a 
resultant  uniform  motion. 

48.  Composition  of  Two  Uniformly  Accelerated  Motions. 
In  a  similar  manner  it  may  be  proved  that,  if  two  uniformly 
accelerated     motions      are 

compounded    by    the   par-       ^     A  bi  U 

allelogram  law,  the  result- 
ant motion  is  still  uni- 
formly accelerated.  Let 
OA,  OB,  OC  and  OA', 
OB',  OC,  Fig.  26,  be  the 
distances  described  with 
uniformly  accelerated  mo- 
tion in  1,  2,  and  3  units  of  time  in  the  horizontal  and  in  the 
inclined  directions  respectively,   where 

OA  :0B  :0C  =   OA'  :0B'  •.0C'  =  1  :4  :9. 

Because  the  triangles  OAP,  OBQ,  OCR  are  similar,  we  see  that 

OP   :  OQ    :  OR  =  OA   :  OB    :  OC; 

and,  as 

OA  :  OB  :  OC  =  1  :  4  :  9, 

it  follows  that 

OP  :  OQ  :  OR  =  1  :  4  :  9. 

Since  the  distances  between  0  and  7i'  arc  thus  proportional  to 
the  squares  of  the  times  spent  in  describing  them,  the  motion 
from  0  to  R  must  be  uniformly  accelerated  (p.  33,  eq.  7). 
Therefore,  two  uniformly  accelerated  motions  compounded  ac- 
cording to  the  parallelogram  law  yield  a  resultant  motion  which 
is  likewise  uniformly  accelerated. 
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49.  Composition  of  a  Uniform  Motion  and  Uniformly  Ac- 
celerated Motion.  If  uniform  motion  in  one  direction  is  com- 
pounded with  uniformly  accelerated  motion  in  another,  the  re- 
sultant motion  does  not  take  place  along  a  straight  line,  but 
along  a  curve  known  as  a  parabola.  "When  a  bullet  is  fired  hor- 
izontally from  a  gun,  its  inertia  tends  to  make  it  move  with  uni- 
form motion  in  the  horizontal  direction,  while  as  soon  as  it 
leaves  the  mouth  of  the  gun  it  becomes  a  freely  falling  body, 
and  so  tends  to  move  with  uniformly  accelerated  motion  verti- 
cally downward.  The  actual  path  which  it  follows  in  its  flight 
is  the  resultant  of  these  two  motions. 

If    the    horizontal    motion    only 
A       B      C       D  were    present,    the    bullet    would 

describe  the  horizontal  distance. 


X  =  V  t 


(1> 


Fig.    27.     A    uniform    motion 
compounded   witla    a   uni- 
formly   accelerated    mo- 
tion at  right  angles. 


with  uniform  motion  (p.  24,  eq. 
2),  and  at  the  end  of  1  second 
would  be  found  at  A,  Fig.  27,  at 
the  end  of  2  seconds  at  B,  at  the 
end  of  3  seconds  at  C,  and  so  on. 
Similarl}^  if  the  motion  downward 
were  the  only  one  existing,  it 
would  describe  the  vertical  dis- 
tance 


\<'' 


(2) 


with  uniformly  accelerated  motion  (p.  35,  eq.  15),  and  at  the 
end  of  1  second  would  be  found  at  A',  at  the  end  of  2  sec- 
onds at  B',  and  so  on.  Since  it  is  actuated  by  both  of  these  mo- 
tions at  the  same  time,  it  is  found  by  the  parallelogram  law  to 
be,  at  the  end  of  the  first  second  neither  at  A  nor  at  A',  but  at 
P;  at  the  end  of  the  second  second  neither  at  B  nor  at  B',  but 
at  Q;  at  the  end  of  the  third  second  neither  at  C  nor  at  C  but 
at  B,  and  so  on,  thus  having  traversed  the  curved  path 
0PQB8. 

The  distances  described  with  uniform  motion  in  the  horizon- 
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tal  direction — the  abscissae — are  proportional  to  the  times  1, 
2,  3,  4....,  while  the  distances  described  with  uniformly  ac- 
celerated motion  in  the  vertical  direction — the  ordinates — are 
proportional  to  the  squares  of  the  times,  that  is,  to  1-,  2-,  3^,  4- 
.  .  .  .,  or  1,  4,  9,  16  .  .  .  .  ;  and  therefore  the  ordinates  are 
proportional  to  the  squares  of  the  abscissae.  The  curve  in 
which  this  relation  holds  true  is  a  parabola,  the  axis  of  which 
is  vertical.  Accordingly,  if  the  resistance  of  the  air  were  neg- 
lected, a  bullet  fired  horizontally  from  a  gun,  or  a  jet  of  water 
held  horizontally,  would  describe  a  parabolic  path.  The  curve, 
indeed,  would  remain  a  parabola,  although  of  different  form, 
if  the  bullet  or  the  jet  of  water  were  to  make  any  angle  with  the 
horizontal. 

If  t  is  eliminated  between  equations   (1)   and    (2),    (p.   44), 
we  have  the  expression 

..       2  V- 

•^'  = 2/, 

f/ 

which  shows  the  relation  between  the  horizontal  and  the  vertical 
distances  for  every  point  of  the  parabolic  path.  By  assigning 
different  values  to  x,  the  corresponding  values  of  y  may  be  cal- 
culated, and  so  the  curve  may  be  plotted  point  by  point. 

50.  The  Inclined  Plane.  When  a  body  falls  freely  under 
the  action  of  gravity,  the  acceleration  influencing  its  motion  acts 
in  the  direction  of  the  motion  itself,  and  therefore  has  the  value 
of  981  centimeters  per  second  in  a  second.  When,  however,  a 
body  or  particle  moves  down  an  inclined  plane,  the  vertical 
acceleration  acts  at  an  angle  with  the  face  of  the  plane,  and 
therefore  at  an  angle  with  the  direction  of  motion.  Accord- 
ingly, the  change  in  the  magnitude  of  the  velocity  is  due  only 
to  the  component  of  the  acceleration  which  acts  in  the  direction 
of  motion,  that  is,  parallel  to  the  face  of  the  plane.  Thus,  if 
ABC,  Fig.  28,  represents  an  inclined  plane,  a  particle  placed 
upon  it  would  have  a  total  acceleration  of  DE,  or  g,  acting  ver- 
tically downward  if  this  particle  were  perfectly  free.  Inas- 
much, however,  as  it  is  not  free,  this  acceleration  may  be  re- 
solved into  two  components,  one  DF  parallel  to  the  face  of  the 
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plane,  and  the  other  DG  perpendicular  to  this  face.    The  former 
of   these   components  DF,   acting  in  the   direction  of  motion, 

causes  the  change  in  the  ve- 
locity of  the  body  as  it  moves 
down  the  plane.  The  latter 
component  DG,  acting  per- 
pendicularly to  the  face  of 
the  plane,  has  no  part  or 
component  in  the  direction 
of  motion,  and  so  cannot  af- 
fect the  motion  of  the  par- 
ticle. If  the  angle  of  the 
plane  is  denoted  by  ^,  the 
angle  DEF  is  also  <^,  since 
its  sides  are  perpendicular 
to  those  of  the  plane,  and 


Fig.  28. 


Acceleration  on  the  iuclinefl 
plane. 


D  F         I)  F        .      , 


or, 


D  F  -  g  sin  <^. 

The  body,  therefore,  moves  down  the  inclined  plane,  not  with 
the  entire  acceleration  g,  but  with  the  fractional  part  of  this 
acceleration  denoted  by  sin  <^,  that  is,  with  the  acceleration 
g  sin  ^. 

The  four  expressions,  (13) — (16)  (p.  35),  for  bodies  falling 
freely  from  rest  assume,  then,  the  following  forms  when  they 
refer  to  motion  down  an  inclined  plane : 


V 

<l  sin  ^   =   — ,  or     T'  =  //  t  sin  <^, 


(21); 


2 


I  =   —  q  t^  sin   ^, 

2 


(22); 
(23); 
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I  =    -^ ,  or  F'  =  2  </  /  sin  </>.  (24). 

2  r/  sin  4' 

In  these  expressions  Z  represents  the  distance  through  which 
the  body  moves  along  the  face  of  the  plane. 

51.  To  Find  the  Velocity  with  which  a  Body,  Moving  Down 
>l       an  Inclined  Plane,  Reaches  the  Foot  of  the  Plane. 

If  h,  Fig.  28,  denotes  the  height  AB  of  the  inclined  plane, 
and  I  the  length  AC  oi  this  plane,  then 

sin  <p  —  -• 
I 

Equation  (2-i),  which  expresses  the  velocity  of  the  body  as  this 
reaches  the  foot  of  the  inclined  plane,  then  becomes 

or, 

F'  =  2gh. 

Since  this  equation  is  independent  both  of  I  and  of  4>,  it  is  evi- 
dent that  the  velocity  which  a  body  acquires  in  moving  down 
an  inclined  plane  is  independent  both  of  the  length  of  the  plane 
and  of  the  angle  of  the  plane.  Moreover,  from  equation  (16), 
(p.  35),  we  learn  that  the  velocity  acquired  by  a  body  falling 
freely  through  a  distance  It,  equal  to  the  height  of  the  plane,  is 

V  =  2.V  h. 

Inasmuch  as  these  two  expressions  are  the  same,  it  is  seen 
that  the  velocity  acquired  by  a  body  moving  down  the  face  of 
an  inclined  plane  is  the  same  as  that  which  would  be  acquired 
by  the  body  in  falling  freely  through  a  distance  equal  to  the 
height  of  the  plane.  Therefore,  the  velocity  with  which  a  body 
reaches  the  foot  of  an  inclined  plane  is  independent  of  the 
length  of  the  plane  and  of  the  angle  of  the  plane,  and  is  the 
same  in  amount  as  that  acquired  by  a  body  in  falling  through 
a  distance  equal  to  the  vertical  height  of  the  plane. 
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CHAPTER  V. 

MOTION  OF  ROTATION. 

52.  Rotation,  Another  type  of  motion,  in  addition  to  the 
linear  motions  we  have  heretofore  considered,  is  found  in  the  rota- 
tion of  a  pa'rticle  or  of  a  rigid  body.  If  a  particle  rotates,  it  must 
turn  about  a  straight  iine,  or  axis,  not  passing  through  the 
particle  itself;  and  if  a  rigid  body  rotates,  it  likewise  must 
turn  about  an  axis  which  may  or  may  not  pass  through  the 
body.  When  a  body  rotates,  each  particle  of  which  it  is 
composed  moves  along  the  circumference  of  a  circle,  the  center 
of  which  lies  upon  the  axis  of  rotation. 

53.  The  Unit  Angle,  or  the  Radian.  In  motions  of  rotation, 
the  angles  through  which  the  rotating  bodies  turn  are  seldom 
measured  in  degrees,  but  are  expressed  in  terms  of  the  unit 
angle,  or  the  radian.  In  circular  measure,  the  unit  angle,  or 
tJie  radian,  is  tlie  angle  subtended  at  tlie  center  of  a  circle  by  an 
arc  equal  in  length  to  the  radius.  In  other  words,  if  the  radius 
of  a  circle  were  bent  along  the  circumference,  the  arc  so  formed 
would  subtend   the  unit  angle.     Therefore,  in  the  unit  angle, 

Tcm  ^^6    arc   and   the   radius   are   of   equal 

length.  From  this  it  follows,  Fig.  29. 
that,  if  a  rotating  body  turns  through 
the  unit  angle,  a  particle  1  centimeter 
from  the  axis  describes  an  arc  1  centi- 
meter long,  and  a  particle  r  centimeters 
from  the  axis  describes  an  arc  r  centi- 
meters long.  Moreover,  Fig.  30,  if  6 
Fio.  29.    One  radian.  represents     the     number     of     radians 

through  which  a  body  rotates,  6  is  also 
the  number  of  centimeters  in  the  length  of  the  arc  1  centimeter 
from  the  axis,  and  rO  is  the  number  of  centimeters  in  the 
length  of  the  arc  r  centimeters  from  the  axis.  In  general,  if  a 
represents  the  length  of  an  arc, 
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where  r  is  the  length  of  the  ra- 
dius, and  0  is  the  number  of 
radians  through  which  the  body 
rotates. 

54.  The  Value  of  the  Radian 
in  Degrees.  From  very  early 
attempts  made  to  express  the 
length  of  an  entire  circumfer- 
ence,  it  was  found  that  the   Cir-      l'i<^-  so.     Mensinement   of  an   arc   in 

circular  measure. 

eumference  of  a  circle  bears  to 

its  diameter  the  incommensurable  ratio  of  tt,  where 


i''iu.    31.     The   entire   circumfer- 
ence of  a  circle  subteiid.s  an 
angle  of  2  ?r  radians. 


•0  that 


or 


TT  r^  8.141592 


TT    d. 


2  TT  r, 


Avhere  c  is  the  circumference,  d  the  diametei-,  and  /•  the   radius 
of  the  circle. 

By  a  comparison  of  this  expression  for  the  length  of  the  cir- 
-cumference  with  the  above  general  equation  for  the  length  of 
an  are,  we  find,  Fig.  31,  that  the  angle  at  the  center  of  a  circle 
subtended  by  the  entire  circumference  is 

'2  TT  radians. 

Inasmuch  as  this  angle  in  our  ordinary  degree-measurement    is 
indicated  by  360°,  we  see  that 


•2  IT  radians  =   .360°  , 
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and  that 


1  radian  =  57°     IV'  44.9' 


55.  Angular  Velocity.  When  a  rigid  body  rotates,  or  turns, 
upon  an  axis — a  wheel,  for  instance, — it  is  evident  that  parti- 
cles remote  from  the  axis  move  through  a  greater  linear  dis- 
tance than  do  those  which  lie  near  the  axis  about  which  the 
body  rotates.  In  other  words,  the  speed,  or  linear  velocity,  of 
a  particle  in  a  rotating  body  becomes  greater  the  farther  re- 
moved this  particle  may  be  from  the  axis  of  rotation.  Since 
all  parts  of  a  rigid  body  turn  through  the  same  angle,  it  is 
often  more  convenient  to  speak  of  the  angular  velocity  of  the 
entire  body  than  of  the  linear  velocity  of  any  one  of  its  parti- 
cles. By  the  angular  velocity  of  a  body  which  rotates  uni- 
formly, we  mean  the  ratio  of  the  entire  angle  through  which  the 
body  turns  to  the  entire  number  of  units  of  time  spent  in  turn- 
ing through  this  angle;  that  is,  tlie  angular  velocity  is  the  angle 

through  u'hich  the  body  turns  in 
one  unit  of  time.  Therefore,  the 
angular  velocity  of  one  particle  of 
a  rotating  body  is  the  same  as  that 
of  any  other  particle,  and  of  the 
body  itself,  since  these  all  turn 
through  the  same  angle  in  the 
same  time. 

If  a  rotating  body  makes  one 
complete  revolution,  that  is,  if  it 
turns  through  2-rr  radians,  Fig.  32, 
a  particle    1  centimeter    from   the- 
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Fig.    32. 


The    length    of   a    cir- 
cumference. 


axis  describes  a  circumference. 

2  TT  centimeters 

in  length,  and  a  particle  r  centimeters  from  the  axis  describes  a 
circumference 


2  TT  ;•  centimetars 
in  length.     If  T  is  the  time  of  one  revolution  of  the  rotatinft- 
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body,  that  is,  the  time  of  turning  through  27r  radians,  the  linear 
velocity  v  ot  n  particle  1  centimeter  from  the  axis  is 

27r  . 

i:  =  —  centimeters  per  second, 

and  the  linear  velocity  f  of  a  particle  r  centimeters  from  the 
axis  is 

2  TT  r  . 

r  =  -— -  centimeters  per  second. 

At  the  same  time,  the  angular  velocity  oj  of  the  entire  rotat- 
ing hody  is  the  ratio  of  the  angle  through  which  the  body  turns 
during  one  revolution,  or  2  ir  radians,  to  the  number  of  units 
of  time  T  spent  during  this  revolution,  or 

<"  =  — ;-  radians  per  second « 

In  other  words,  the  angular  velocity  of  a  rotating  hody  is  the 
number  of  radians  through  ivhich  the  hody  turns  in  one  unit  of 
time. 

56.  Curvilinear  Motion.  When  a  particle  moves  along  a 
continuous  curve,  it  is  moving  for  an  instant  at  any  point  of 
the  curve  in  the  direction  of  the  tangent  at  that  point.  Since 
the  tangent  at  an  adjacent  point  lies  in  a  different  direction,  the 
particle,  Avhich  then  moves  in  the  direction  of  this  new  tangent, 
is  moving  in  a  direction  different  from  that  at  the  previous 
point.  The  direction  of  the  motion  of  the  particle  having  thus 
changed,  the  direction  of  the  velocity  has  likeivisc  changed. 
But  a7iy  change  in  the  velocity,  whether  this  be  a  change  in  di- 
rection only,  or  in  magnitude,  or  in  both,  implies  an  accelera- 
tion; and  therefore,  since  the  direction  of  the  velocity  is  chang- 
ing from  point  to  point,  the  motion  of  a  particle  along  a  curved 
path  is  accelerated. 

Thus,  Fig.  33,  if  a  particle  moves  with  uniform  motion  from 
A  to  B,  no  change  occurs  either  in  the  magnitude  or  in    the 
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Fig.  33. 


Acceleration  in  curvilinear 
motion. 


direction  of  the  velocity,  hence  for  the  first  part  of  the  path  there 
is  no  acceleration.  While  the  particle  moves  from  B  to  C,  how- 
•ever,  the  velocity  changes  in  direction  from  AB  to  CD.  Since 
a  change  occurs  in  the  velocity  over  this  part  of  the  path,  an 
^  D  acceleration  must    exist,   one 

component  of  which,  at  least, 
must  lie  at  right  angles  to 
the  direction  of  motion.  At 
C  the  velocity  ceases  to 
change,  the  acceleration  then 
becomes  zero,  and  from  C  to 
D  the  motion  is  once  more 
uniform. 

The  acceleration  which  is  thus  present  in  all  curvilinear 
-motion  illustrates  the  statement  previously  made  (p.  30),  that 
■"every  motion  which  is  not  a  uniform  motion  in  a  straight  line 
lis  an  accelerated  motion. 

57.  Constant  Central  Acceleration  in  Uniform  CirciQar  Mo- 
tion. When  a  particle  moves  uniformly,  that  is,  with  con- 
stant speed,  in  the  circumference  of  a  circle,  the  velocity  with 
which  it  moves  coincides  in  direction  at  every  point  with  the 
direction  of  the  tangent  at  that  point.  Since  the  direction  of 
the  tangent  changes  continuously,  the  direction  of  the  velocity 
changes  likewise  continuously,  and  the  motion  is  therefore  ac- 
celerated. Moreover,  as  the  speed  of  the  particle  remains 
constant  in  its  circular  path,  it  is  evident  that  no  component 


Fiu.  34.     Constaut  central  acceleration  in  uniform  circular  motion. 


of  this  acceleration  lies  in  the  direction  of  motion,  from  which 
we  infer  that  the  entire  acceleration  is  at  right  angles  to  this 
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direction,  that  is,  it  is  directed  towards  the  center  of  the  circle. 
That  this  acceleration  is  not  only  constant  in  amount,  but  also 
directed  at  every  point  towards  the  center  of  the  circle,  is  proved 
in  the  following  demonstration  : 

A  body,  moving  uniforndy  Avith  the  constant  speed  v  in  the 
circumference  of  the  circle,  Fig.  34,  passes  over  the  distance 
from  A  to  B,  where  B  may  be  taken  so  near  to  A  that  the  arc 
AB  coincides  with  the  chord  AB.  That  is  to  say,  the  distance 
AB  may  be  taken  as  one  of  the  infinite  number  of  straight  line» 
of  which  the  circumference  of  the  circle  is  composed.  If  this 
distance  is  described  in  t  units  of  time,  then 

AJJ=  rf,  (P-  2^ 

since  v  is  the  speed,  or  the  distance  along  the  arc  which  is  passed 
over  in  one  unit  of  time.  At  A  the  velocity  of  the  body  is  rep- 
resented in  magnitude  and  direction  by  the  line  AP,  or  Vo,  and 
at  B  by  the  line  BQ,  or  V.  V,  and  V  differ  from  each  other 
only  in  direction,  and  both  are  numerically  equal  to  the  con- 
stant speed  V. 

Inasmuch  as  velocities  are  vector  quantities,  we  may  deter- 
mine the  change  in  the  velocity  that  takes  place  between  A  and 
B  by  choosing  some  point,  as  0,  and  by  laying  off  the  lines 
OP'  and  OQ',  proportional  in  length  and  parallel  in  direction 
to  Fo  and  V  respectively.  It  is  now  evident  that  the  velocity 
V  is  the  final  ejfect  of  the  initial  velocity  Vo  and  of  the  change 
which  the  latter  undergoes;  and  so  the  vector  V  must  be  the 
resultant  of  two  vectors,  of  which  one  is  the  vector  V^,  while 
the  other  is  the  vector  which,  Avhen  added  to  the  Vector  V^, 
will  produce  the  vector  V.  By  completing  the  parallelogram, 
in  which  one  side  is  V^  and  the  diagonal  is  V,  we  see  that  the 
vector  0  R,  or  its  equal  P'  Q',  is  the  vector  that  must  be  added 
to  the  vector  V„  to  produce  vector  V,  that  is, 

vector  Fo  +  vector  0  R  =  vector  V, 
from  which 

vector  0  R  =  vector  V  —  vector  Vq, 
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or 

vector  0  B  =  vector  V  —  V, 


From  this  we  see  that  V — Vo,  which  is  the  change  in  the  ve- 
locity that  takes  place  between  A  and  B,  is  represented  in  mag- 
nitude and  direction  by  the  vector  0  R. 

We  have  now  to  determine  the  magnitude  as  Avell  as  the  di- 
rection of  this  vector,  and  this  may  be  accomplished  as -follows: 
Since  the  radius  and  the  tangent  are  perpendicular  to  each  other, 
the  triangles  P'OQ'  and  A  C  B  are  similar  and  their  sides  are 
proportional.     Therefore, 


P'  (/  _   0P\ 

A  P        C  A 

or 

/ 
( 

V  —  V,       Vo 

V  t               r 

from  which 

V—  W             V    Fn 

But  the  left  hand  member  of  this  equation  is  the  rate  of  change 
of  the  velocity,  or  the  acceleration  a,  that  is 


V-^^  =  a, 


(p.    29) 


while  the  right  hand  side  contains  Vq,  which  is  numerically 
equal  to  v.  By  replacing  these  values  in  the  above  equation,  we 
find  that 
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Here  i'-  and  r  are  constant  quantities,  and  hence  a  is  likewise 
constant  in  magnitude. 

]\Ioreover,  the  direction  of  this  acceleration  is  given  by  the 
direction  of  the  change  of  the  velocity,  and  this  is  indicated 
by  the  direction  of  the  vector  0  B.  When  the  point  B,  however, 
is  as  near  as  we  please  to  the  point  A,  the  angle  ACB  is  as 
small  as  we  please,  and  the  angle  P'  0  Q',  or  its  equal  0  Q'  B,\b 
also  as  small  as  ive  please.  Therefore,  the  angle  which  the  vector 
O  B  makes  with  the  vector  0  P',  or  V^,  is  then  as  near  as  we  please 
to  a  right  angle;  and  in  the  limit,  when  the  point  B  is  taken  in- 
finitely near  to  the  point  A,  the  vector  0  B  is.  then  strictly  at 
right  angles  to  the  vector  OP',  or  Vq.  In  other  words,  the  ac- 
celeration, since  it  is  at  right  angles  to  the  tangent  AP,  or  V^,  is 
directed  towards  the  center  of  the  circle. 

From  this  we  see  that  when  a  particle  revolves  uniformly, 
that  is,  with  constant  speed,  in  the  circumference  of  a  circle, 
the  motion  is  accelerated.  This  acceleration  a  is  always  constant 
in  amount,  and  equal  to  the  square  of  the  speed  divided  by  the 
radius,  or 

v' 
a  =  — 1 
r 

and  is  always  directed  towards  the  center  of  the  circle. 

The  magnitude  of  this  central  acceleration  may  be  expressed, 
as  above,  in  terms  of  the  speed  v  of  the  particle,  that  is,  in 
terms  of  the  actual  distance  along  the  are  which  this  particle 
travels  in  the  unit  of  time ;  or,  it  may  be  expressed,  as  follows, 
in  terms  of  the  angular  velocity  w,  (p.  51).  If  T  represents  the 
time  of  one  complete  revolution 


V  =  »  (p.   ol) 

so  that  the  magnitude  of  the  acceleration  which  acts  towards 
the  center,  and  which  is  called  the  centripetal  acceleration,  may 
then  be  written. 
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4  TT"  r' 


4  tt'  r 


But 


4   TT" 


(p.    51) 


and  therefore 


a  —  w"  ;■. 


CHAPTER  VI. 


HARMONIC  MOTION. 


58.  Harmonic  Motion.  If  a  particle  moves  uniformly  in 
the  circumference  of  a  circle,  and  is  observed  from  a  distant 
point  in  the  plane  in  which  the  circle  lies,  this  particle  appears 
no  longer  to  move  in  a  circular  path,  but  seems  to  travel  back 

and  foi^th  in  a  straight  line 
across  the  direction  of  vision. 
Thus,  if  the  eye  is  placed  at  the 
bottom  of  the  page  in  the  di- 
rection Y  Y',  Fig.  35,  the  par- 
ticle P,  which  moves  uniformly 
around  the  circumference  of 
the  circle  X  Y  X\  apparently 
moves  back  and  forth  along  the 
diameter  X  X' .  At  X  it  is  ac- 
tually moving  directly  away 
from  the  observer;  but,  as  this 
motion  cannot  be  detected  by 
the  eye,  the  particle  seems  for  an  instant  to  stand  still  at  this 
point.  At  Y ,  however,  it  is  moving  at  right  angles  to  the  line 
of  vision,  and  therefore  appears  to  be  at  0,  moving  to  the  left. 


Fig.    35. 


Production    of   harmonic 
motion. 
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For  points  intermediate  between  X  and  Y,  the  motion  of  F 
in  the  circle  may  be  resolved  into  two  components,  one  of  which 
lies  in  the  line  of  vision,  while  the  other  is  perpendicular  to 
this  direction.  Since  the  eye  cannot  detect  a  motion  in  the  line 
of  vision,  it  is  only  the  latter  of  these  two  components  that  can 
be  observed.  ]\Ioreover,  this  component  increases  in  magnitude 
as  point  Y  is  approached,  so  that  the  particle  apparently  has 
an  increasing  velocity  from  X  to  0.  For  the  same  reason, 
while  the  particle  really  moves  uniformly  from  Y  to  X'  in  its 
circular  path,  it  appears  to  move  with  continually  decreasing 
velocity  along  the  straight  line  from  0  to  X'  and  at  X',  where 
it  is  moving  directly  towards  the  observer,  it  apparently  comes, 
again  to  rest.  During  the  remainder  of  the  revolution  from 
X'  through  Y'  to  X,  the  particle  increases  in  velocity  as  it  ap- 
parently goes  from  X^  to  0,  then  again  decreases  in  velocity 
from  0  to  A',  and  at  this  point  it  appears  once  more  to  be 
stationary.  The  particle  has  actually  made  one  complete  revo- 
lution in  the  circumference  of  the  circle  moving  uniformly; 
but  to  the  eye  placed  at  the  botton  of  the  page  it  has  apparently 
moved  back  and  forth  along  the  diameter  XX\  coming  to  rest 
at  X  and  X',  and  moving  with  greatest  velocity  at  0. 

Back-and-forth,  or  oscillatory,  motion,  such  as  this,  is  of  fre- 
quent occurrence  in  many  branches  of  physics,  and  is  known  as 
simple  harmonic  motion.  The  pendulum  of  the  common  clock, 
for  example,  except  that  it  moves  in  an  arc  instead  of  a  straight 
line,  executes  simple  harmonic  motion  as  it  vibrates  to  and  fro; 
the  particles  of  an  elastic  body  move  with  harmonic  motion  as 
the  body  regains  its  original  form  after  distortion  :  the  strings  of 
a  musical  instrument  vibrate  with  harmonic  motion,  as  do  also 
the  particles  of  air  that  transmit  these  vibrations  to  the  ear ;  the 
particles  of  ether  are  thought  likewise  to  vibrate  with  harmonic 
motion  as  heat  and  light  come  to  us  by  radiation  from  the  sun. 
The  frequent  occurrence  of  harmonic  motion,  and  the  aid  it 
furnishes  in  explaining  many  natural  phenomena,  render  it 
one  of  the  principal  motions  with  which  the  science  of  physics 
has  to  deal. 

59.  Terms  and  Definitions  Used  in  Harmonic  Motion.     In 

the  motion  described  above,  the  movement  of  F  in  its  circular 
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path  is  everywhere  projected  upon  the  diameter  XX'.  Harmonic 
motion,  therefore,  is  the  projection  upon  a  diameter  of  motio7i 
that  takes  place  uniformly  in  the  circumference  of  a  circle.  It 
may  also  be  defined  as  the  ^notion  of  the  foot  of  the  perpierdic- 
ular  let  fall  upon  the  diameter  of  a  cirdle  from,  a  particle  iliat 
moves  uniformly  in  the  circumference.  Thus,  if  the  particle, 
P,  Fig.  36,  moves  uniformly  in  the  circumference  of  the  circle 
X  Y  X'  and  XX^  is  any  diameter,  p,  or  the  foot  of  the  per- 
pendicular let  fall  from  P  upon  the  diameter,  moves  with 
harmonic  motion.    While   P,  Fig.  37,  moves  from   X  to   A,    p 


Fig.  36.      Harmonic  motion  is  the 
projection  of  circular  motion. 


Fig.  37. 


Harmonic   motion   and   cir- 
cular motion. 


moves  from  X  to  a.  While  P  moves  from  A  to  B,  p  moves  from 
a  to  h,  and  so  on.  While  P  makes  one  complete  revolution 
around  the  circle,  p  makes  one  complete  excursion  forward  and 
back  across  the  diameter.  As  long  as  P  continues  to  revolve  in 
the  circle,  p  continues  to  execute  harmonic  motion,  making  one 
complete  vibration  forward  and  back  for  every  revolution  of  P. 

The  circle  in  which  P  revolves  uniformly  is  called  the  auxiliary 
circle,  or  the  circle  of  reference,  and  the  path  in  which  the 
harmonic  motion  takes  place  is  always  a  diam,eter  of  the  auxil- 
iary circle. 

The  period  of  a  particle  executing  harmonic  motion  is  the 
time  of  one  complete  oscillation  forward  and  back  along  the 
path,  for  instance,  the  time  required  for  p  to  move  from  X  to  X' 
and  back  again  to  X.  If  a  point  other  than  the  extremity  of 
the  path  is  taken  as  the  starting  point,  the  period  is  the  interval 
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tliat  elapses  hetween  two  successive  passages  of  tlie  particle  over 
tlie  same  point,  moving  in  the  same  clirection.  Therefore,  the 
period  of  a  particle  vibrating  with  harmonic  motion  is  the  same 
as  the  time  required  by  the  particle  which  moves  in  the  auxiliary 
circle  to  make  one  complete  revolution. 

The  frequency  is  the  number  of  complete  vibrations  made  by 
the  moving  particle  in  the  unit  of  time.  Obviously  this  number 
increases  as  the  time  of  one  vibration  decreases,  and  so  the  fre- 
quency is  the  reciprocal  of  the  period.  Accordingly,  if  n  de- 
notes the  frequency  and  T  the  period,  the  relation  existing 
between  n  and  T  is  given  by  the  equation, 

_  J^ 

Motion  to  the  right  along  the  path  is  regarded  as  positive, 
and  motion  to  the  left  is  considered  as  negative.  Distances  to 
the  right  of  the  center  of  the  path  are  positive,  while  distances 
to  the  left  of  this  point  are  negative.  The  center  of  the  path 
is  called  the  position  of  equilihrinm. 

The  distance  of  the  moving  particle  at  any  instant  from  the 
position  of  equilibrium  is  known  as  the  displacement.  The  dis- 
placement  is  positive  when  the  moving  particle  is  to  the  right 
of  the  position  of  equilibrium,  and  negative  when  it  is  to  the 
left  of  this  point. 

The  amplitude  is  the  distance  from  the  position  of  equilibrium 
to  the  extremity  of  the  path  in  either  direction,  and  is  always 
equal  to  the  radius  of  the  circle  of  reference.  Accordingly,  the 
amplitude  is  the  greatest  possible  displacement.  The  maximum 
elongation  of  the  particle  is  the  position  the  particle  occupies 
when  it  is  at  either  extremity  of  its  path. 

The  phase  is  the  fractional  part  of  the  period  that  has  elapsed 
since  the  particle  was  last  at  the  position  of  positive  maximum 
elongation.  The  phase,  therefore,  is  always  a  proper  fraction 
and  always  an  ahstract  number.  For  example,  when  the  particle 
is  at  X,  the  phase  is  zero,  since  it  is  at  the  point  from  which 
phase  is  reckoned.     "When  the  particle  is  at  0,  moving  to  the 

left  the  phase  is  ^  .  inasmuch  as  one  quarter  of  the  period  has 
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elapsed  since  the  particle  left  the  point  X.     In  the  same  way 
when  the  particle  is  at  X\  the  phase  is  — ;  and  when  it  is  at  0, 

3 
moving  to  the  right,  the  phase  is  — .     "When  the  particle  reaches 

4 

the  point  X,  the  phase,  which  has  been  approaching  the  value 

1,  now  drops  again  to  zero,  and  its  former  values  are  repeated 

during  the  following  vibration  of  the  particle  and  during  all 

succeeding  vibrations. 

60-   The  Equation  of  Harmonic  Motion.    The  back-and-forth 

movement  of  the  particle  p,  Fig.  38,  as  this  executes  harmonic 

motion,  may  be  represented  by 
an  equation  in  which  the  dis- 
placement of  p  is  expressed  as 
a  function  of  the  position  of  the 
particle  P  in  the  auxiliary  cir- 
cle. The  position  of  P  depends 
upon  the  angle  Q,  Avhicli  is 
known  as  the  phase  angle,  and 
which  is  the  angle  described  by 
the  radius  vector  since  P  left 
the  line  OX,  or  the  X  axis. 
That  is,  during  the  time  in 
which  the  particle  in  the  aux- 
iliary circle  has  moved  from  X  to  P,  the  radius  vector  has  moved 
from  OX  to  OV,  thus  sweeping  out  the  angle  Q  radians. 

In  this  time  the  particle  p,  which  is  executing  harmonic  mo- 
tion, has  moved  from  X  to  p,  and  has  at  this  instant  the  dis- 
placement O'p,  or  X.  Accordingly,  the  position  of  p  in  its  path 
is  connected  with  the  position  of  P  in  the  circle  by  the  relation 


Fig.  3S.     Displacement  of  the  par- 
ticle in  harmonic  motion. 


OP 


COS  Q 


or 


.,.  ^  O  P  cos  e.     . 
But  OP,  or  its  equivalent  OX,  is  the    radius   of   the  auxiliary 
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circle,  and  this,  in  turn,  is  the  amplitude  of  the  harmonic  mo- 
tion.    Accordingly,  if 

A  =  amplitude, 

then 

.'■  =  A  cos  e. 

Since  this  equation  expresses  the  relation  between  the  position 
of  p  in  its  path  and  the  corresponding  angle  through  which  P 
has  revolved  in  the  auxiliary  circle,  the  displacement  of  the 
particle  executing  harmonic  motion  is  hereby  defined  for  every 
value  of  0.  Since  this  is  so,  this  expression  is  known  as  tlie 
equation  of  harmonic  motion.  As  P  continues  to  revolve,  the 
angle  6  increases  uniformly ;  and  as  this  angle  assumes  differ- 
ent values,  the  displacement  of  p  may  be  seen  to  change  as  fol- 
lows : 

When  ^  ^  0  radians,  ./•  =  ^1, 

0  =  -  i-adians,  .r  —  0, 

2 

9  —  IT  radians,  .'•  =  —A^ 

0  =  '- —  radians,  .<•  =  (', 

6  :=  2  TT  radians,  x  =  .1 . 

This  shows  that  the  motion  of  the  particle  executing  harmonic 
motion  is  from  one  extremity  of  its  path  through  the  center  to 
the  opposite  extremity  and  back  again,  and  that  this  motion  is 
repeated  as  often  as  these  values  of  6  recur. 

61.  The  Phase.  If  t  denotes  the  time  of  describing  0  radi- 
ans. Fig.  39,  and  if  T  is  the  period,  that  is,  the  time  of  describ- 
ing one  entire  circumference,  or  2  tt  radians,  t  bears  the  same 
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relation  to  T  that  0  bears  to  2  tt,  so  that 
t    :    T  =   e    :    2  7r, 


or. 


^   _    2   TTi! 

The  equation  of  harmonic  motion 
then  becomes 


Fig.  39.     Value   of  tbe  angle 


x^^  A  cos 


•iTvt 


Here  t  is  the  variable  quantity  upon  which  the  value  of  x  de- 
pends, and  represents  the  time  that  has  elapsed  since  the  particle 
executing  harmonic  motion  was  last  at  the  point  X,     Therefore, 

the  fraction  —  represents  the  phase,  and  this  assumes  different 

values  as   the  particle  occupies  different  points  of  the   path. 

When  the  values  assigned  to  the  phase   —  correspond  to  those 

given  above  to  the  phase-angle  B,  the  same  series  of  displace- 
ments will  be  obtained.     That  is, 


W 


,^hen  yy  =  0,  or  zero  phase,  x  =  A, 


«  1  1     1  ,, 

—  =    -,  or  ~  phase,  x  =  (L 

T  4         i 


til.  . 

—  =  -,  or  -  phase,  .'•  =  —  ^-1, 

T        %  2 


/  3  3 

^  =  -,  or  -  phase,  x  =  'V, 

T        \         \ 


—  =  1     or  zero  phase,  .'■  =  A. 
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X 


Fig.  40. 


Variable  velocity  in  har- 
monic motion. 


62.  The  Velocity  of  a  Particle  Moving-  with  Harmonic  Mo- 
tion, If  perpendiculars  are  dropped  at  equal  intervals  of 
time  from  the  particle  P,  Fig.  40,  as  this  revolves  in  the  aux- 
iliary circle,  the  intercepts  of  these  perpendiculars  upon  the 
diameter  represent  the  distances  y 

described  in  equal  times  by  the 
particle  moving  with  harmonic 
motion.  These  intercepts  are 
found  to  be  of  unequal  length, 
being  greater  near  the  central  X 
portion  of  the  diameter  than 
towards  the  extremities.  Since 
these  unequal  distances  are  de- 
scribed in  equal  intervals  of 
time,  the  velocity  of  a  particle 
moving  with  harmonic  motion 
is'  ned  constant,  but  varies  with 
the  position  of  the  particle  in  its  path. 

To  determine  the  value  of  this  variable  velocity  at  any  in- 
stant, we  must  remember  that  the  motion  of  p  in  its  path  is  the 
projection  upon  a  diameter  of  the  motion  of  P  in  the  circle; 
and  from  this  we  conclude  that  the  velocity  of  p  is  likewise  the 
projection  upon  the  same  diameter  of  the  velocity  of  P.  In 
other  words,  the  velocity  of  p  is  the  component  of  the  velocity 
of  P  tJiat  is  iMvallcl  to  the  diameter  along  which  p  moves.  But 
the  velocity  of  P  at  every 
point  is  in  the  direction  of 
the  tangent  to  the  circle  at 
that  point  (p.  51).  Accord- 
ingly, the  line  v,  drawn  tan- 
gent to  the  circle  at  P,  Fig. 
41,  represents  the  velocity  of 
P  at  this  particular  point, 
inasmuch  as  the  direction  of 
this  line  coincides  with  the 
direction  of  the  velocity,  and 
the  length  of  this  line  is  pro- 
portional    to     the    magnitude 

of  the  velocity,  that  is,  to  the  magnitude  of  the  constant  speed 
V,  with  which  P  moves  in  the  circumference  of  the  circle. 


Fi<; 


41.      Determination   of  the   velocity 
ill   liarinonic  motion. 
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Since  the  horizontal  diameter  has  been  chosen  as  the  path  of 
the  harmonic  motion,  it  is  necessary  to  resolve  the  velocity  v 
into  two  components,  one  v^  in  the  horizontal  direction,  and  the 
other  Vy  in  the  vertical  direction.  However,  these  components 
may  vary  in  magnitude  or  direction  as  P  revolves  in  the  circle, 
the  horizontal  component  v^  represents  at  any  instant  the  velo- 
city of  p  in  its  motion  along  the  horizontal  diameter,  while  the 
vertical  component  t'y  expresses  the  velocity  at  the  same  instant 
of  a  particle  moving  along  the  vertical  diameter. 

By  resolving  the 
velocity  of  F  into  its 
components  at  diifer- 
ent  points  on  the  cir- 
cle of  reference,  "\ve 
may  determine  the 
variations  which  oc- 
cur in  the  velocity  of 
p  at  corresponding 
points  of  the  path. 
Thus,  at  the  position 
X,  Fig.  42,  the  ve- 
locity of  P  is  direct- 
ed vertically  upward, 
so  that  at  this  point 
the  horizontal  com- 
ponent is  zero ;  hence 
its  path  is  also  zero. 
As    P   moves    in    its 


PX 


Fig.  42. 


Determination  of  tho  velotity  at  dlffei'- 
ent  points  of  tlie  path. 


the  velocity  of  p  at  the  extremity  of 
and  p  is  for  an  instant  here  at  rest 
circular  path  from  X  to  Y,  the  horizontal  component,  which 
at  first  is  exceedingly  small,  becomes  continually  greater, 
thus  indicating  that  p  moves  towards  0  with  an  increas- 
ing velocity.  At  Y,  the  velocity  of  P  is  horizontal,  and  so 
coincides  in  value  with  its  horizontal  component,  the  vertical 
component  here  being  zero.  Accordingly,  the  velocity  of  p  at 
0  is  for  an  instant  constant,  and  equal  in  magnitude  to  the  uni- 
form speed  of  P  in  the  auxiliary  circle.  As  P  moves  from  Y  to 
X',  the  length  of  the  horizontal  component  decreases,  and  be- 
comes zero  at  X^,  since  v  is  here  directed  vertically  downward. 
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Therefore,  the  velocity  of  p  decreases  from  0  to  X'  and  be- 
comes zero  at  this  extremity  of  its  path,  when  p  is  again  at  rest. 
As  P  continues  its  motion  for  the  remaining  half-revolution, 
that  is,  from  X'  through  Y'  to  X,  these  values  of  the  horizon- 
tal component  are  repeated  in  the  reverse  order  and  in  the  op- 
posite direction. 

These  variations  of  the  velocity  of  p,  which  are  repeated  for 
each  complete  revolution  of  P  in  the  circle  of  reference,  are 
represented  for  a  single  period  by  the  velocity  vectors  in  the 
accompanying  diagram,  Fig.  43.     It  is  to  be  observed  that  the 

velocitv  of  p  at  any 

" .         ,  ■♦-  < —  •* •< ■* ■* —  ^- 

pomt     IS     always     a    i  

fractional     part      of 

the  velocity  of  P,  this     ""'''■  ''-     ^'^"^^"ou   of^the^^velocity   for   an   entire 

fraction    varying    in 

value  from  zero  at  the  extremities  of  the  path  to  unity  at  the 
center.  Inasmuch,  however,  as  the  velocities  are  directed  to 
the  left,  or  in  the  negative  direction,  for  the  first  half  of  the 
period,  and  to  the  right,  or  in  the  positive  direction,  for  the 
second  half,  it  is  necessary  always  to  use  the  minus  sign  when 
the  velocity  for  the  first  half  of  the  period  is  indicated. 

63.     The  Value  of  the  Velocity  at  any  Point.    With  the  aid 

of  Fig.  44,  the  actual  value  which  the  fraction   ^^  assumes  for 


any  position  of  p  may  at  once  be 
obtained.  Here  PL  represents 
the  velocity  of  p,  or  v,  while 
PM  and  PN  denote  the  horizon- 
tal and  vertical  components  v^ 
and  Vy  respectively. 

In  the  right-angled  triangle 
PML,  the  angle  MLP  equals  the 
angle  9,  their  sides  being  per- 
pendicular,  and  accordingly 

=    sill  $ 

P  L 


L^— -.N' 


Fig.  44.     Value  of  velocity  iu  liar- 
Dionic  motiou. 


G6  HARMONIC  MOTION. 

that  is, 


—  =  —  sin 

V 


or 


Ck  =   —  V  sin  $. 

From  this  it  is  seen  that  v^,  the  velocity  of  p,  is  always  a 
fractional  part'of  v,  the  velocity  of  P,  and,  moreover,  that  it  is 
such  a  fractional  part  as  is  represented  by  —  sin  0.  The  minus 
sign  here  indicates  that  the  dwedion  of  tlie  velocity  and  tlie  value 
of  sin  6  are  always  of  opposite  sign.  That  is,  in  the  first  and  sec- 
ond quadrants,  where  sin  6  is  positive,  the  motion  is  from  right 
to  left,  or  negative;  and  in  the  third  and  fourth  quadrants, 
where  sin  0  is  negative,  the  motion  is  from  left  to  right,  or  posi- 
tive. Therefore,  the  velocity  of  p  is  a  function  of  —  sin  6,  and 
varies  as  —  sin  6  varies.  By  giving  proper  values  to  6,  the  ve- 
locity of  p  at  any  point  of  its  path  may  be  determined. 

When  0  =  0  radians,  t\  =  (>, 

TT 

radians,  i\  =  —  i\ 
=  T  radians,  Vx  =  0^ 


=  —  radians,  i\=  v, 

2 


$  =  2  TT  radians,  Vy,  =  0. 

This  shows  that  at  the  extremity  X  of  the  path,  the  velocity  of 
p  is  zero,  that  is,  at  this  point  p  is  at  rest.  As  p  moves  to  the 
left,  its  velocity  increases  in  the  negative  direction  and  reaches 
a  maximum  at  the  center  of  the  path,  where  it  is  equal  in  mag- 
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nitiide  to  the  constant  speed  v  of  the  particle  F.  As  p  moves 
farther  to  the  left,  its  velocity  decreases  and  becomes  zero  at  X', 
where  p  is  again  at  rest.  As  p  now  moves  to  the  right,  its  ve- 
locity increases  in  the  positive  direction,  and  at  the  center  0 
once  more  attains  the  maximum  value  v,  equal  to  the  constant 
speed  of  P  in  the  circle.  As  p  approaches  X,  its  velocity  again 
diminishes,  and  for  a  second  time  becomes  zero  at  this  point. 
As  p  continues  thus  to  vibrate  with  harmonic  motion,  these  vari- 
ations in  its  velocity  are  repeated  each  period. 
Inasmuch  as 


2  TT  r 


and  as 


2  TT  t 

T 


(p.  ol) 


(p.  62) 


the  equation  representing  the  velocity  of  a  particle  moving  with 
harmonic  motion  may  be  written 


^ 


l\  — 

2  TT  r 
T 

sin 

2  TT  ^ 

T 

which  is  the  usual  form. 
/ 

.  'o    64.     The  Acceleration  in  Harmonic  Motion.     Since  the  ve- 
/X)     ^    locity  of  a  particle  moving  with  harmonic  motion  is  continually 
j^ changing,  the  motion  of    this    particle    is  not  uniform,  but  ac- 
^       celerated.     ^Moreover,  as  the  velocity  is  not  only  not  constant  in 
'-jT  amount  but  even  changes  in  direction,  the  acceleration  as  well 

as  the  velocity  is  variable.  To  determine  this  variable  accelera- 
tion, we  must  again  remem])er  that,  just  as  the  velocity  of  the 
particle  p,  moving  with  harmonic  motion,  is  the  horizontal  com- 
ponent of  the  velocity  of  P  moving  in  the  auxiliary  circle,  so 
also  is  the  acceleration  of  p  in  its  horizontal  path  the  horizontal 
component  of  the  acceleration  of  P  in  the  circle. 
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The  acceleration  of  P  is  that  of  a  particle  moving  with  con- 
stant speed  V  in  the  circnmference  of  a  circle  of  radius  r;  and 
this  acceleration  a  has  been  shown  (p.  55),  to  be  constant  in 
:amount,  namely, 


:and  always  directed  towards  the  center  of  the  circle.  Accord- 
ingly, since  acceleration  is  a  vector  quantity,  we  may  repre- 
sent the  acceleration  of  P  by  the  line  a,  Fig.  45,  where  the 
length  of  this  line  is  proportional  to  the  magnitude  of  the  ac- 


celeration or 


and  the  direction  of  this  line  indicates  the 


/                          c  «->. 

S 

'\ 

0 


direction  of  the  acceleration,  which  is  towards  the  center  of  the 

circle.  The  acceleration  a  of 
the  particle  P  may  now  be  re- 
solved into  two  components, 
one  ax  in  the  horizontal  direc- 
tion, and  the  other  a-y  in  the 
vertical  direction.  The  hori- 
zontal component  a^  is  the  ac- 
celeration at  any  instant  of 
the  particle  p,  as  this  moves 
with  harmonic  motion  along 
the  horizontal  diameter,  while 
the  vertical  component  Qj  is 
the  acceleration  at  the  same  instant  of  a  particle,  likewise  mov- 
ing with  harmonic  motion,  but  along  the  vertical  diameter. 

By  comparing  with  one  another,  the  horizontal  components 
of  the  acceleration  of  P  at  different  points  of  the  circle,  we  may 
deduce  the  law  according  to  which  the  acceleration  of  p  varies  in 
its  back-and-forth  motion  along  the  path.  At  X,  Fig.  46,  the  ac- 
celeration of  P  being  horizontal,  the  horizontal  component  of  the 
acceleration  is  equal  in  magnitude  to  the  acceleration  itself.  In 
other  words,  at  this  extremity  of  the  path  the  acceleration  of 
p  is  equal  to  the  full  acceleration  of  P,  and  is  directed  towards 
the  position  of  equilibrium.     As  P  approaches  Y,  the  magni- 


FiG.  45.     Determination  of  tlie  accelera- 
tion in  harmonic  motion. 
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PX 


Fig.  4G. 


The  acceleration  at  different  points  of 
the  path. 


tude  of  the  horizontal  component  diminishes.  .  Therefore,  al- 
though p  is  approaching  0  with  an  increasing  velocity,  its  ac- 
celeration is  de- 
creasing. At  Y  the 
acceleration  of  P  is 
directed  vertically 
downward ;  and,  as 
its  horizontal  com- 
ponent is  then  zero, 
the  acceleration  of  p, 
as  it  passes  through 
its  position  of  equi- 
librium, is  also  zero. 
As  P  now  moves  from 
r  towards  X',  the 
horizontal  component 
of  the  acceleration 
again  increases,  this 
time,  however,  in  the 

opposite  direction.  At  X'  the  horizontal  component  again  at- 
tains the  full  value  of  the  acceleration  itself,  since  the  accelera- 
tion of  P  is  here  once  more  horizontal.  Similarly  it  is  seen 
that,  as  P  continues  its  circular  motion  from  X'  through  Y^  to 
X,  the  horizontal  component  of  its  acceleration  diminishes  as  I!' 
is  approached,  becomes  zero  at  F',  then  increases,  but  once  more 
with  reversed  sign,  as  P  moves  from  Y'  to  X,  and,  finallj^,  at  X 
again  becomes  equal  to  its  former  maximum  value.  These  vari- 
ations, both  in  magnitude  and  direction,  which  the  acceleration 

of  p   undergoes  dur- 
1 __  ing  a  complete  period, 

are     represented     in 

Fi<:.  47.      Vaiialion  of  the  acceleration  for  an  en-       ..i  a  ppomrt  nil  vino- 

tire  period.  ^^^^         dccompan}  ing 

vector  diagram  of  ac- 
celerations. Fig.  47,  and  may  be  interpreted  as  follows : 

At  the  extremities  X  and  X^  the  particle  has  a  zero  velocity,, 
that  is,  for  an  instant  it  is  at  rest.  At  the  next  instant  it  has- 
begun  to  move,  and  so  has  a  finite  velocity.  This  change  from  a 
zero  velocity  to  a  finite  velocity  in  this  extremely  short  interval' 
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of  time  gives  the  maximum  rate  of  change  of  the  velocity  and, 
therefore,  the  maximum  acceleration.  When  the  particle  reaches- 
the  position  of  equilibrium,  it  has  the  velocity  v,  equal  to  the 
constant  speed  v  of  the  particle  P;  and,  accordingly,  while  it  is 
passing  this  central  point  of  its  path,  it  is  moving  for  an  instant 
with  uniform  motion.  For  an  exceedingly  short  time,  therefore, 
there  is  no  change  in  the  velocity  and  hence  there  is  no  accelera- 
tion. Thus  it  is  that  the  acceleration  is  greatest  at  the  extremi- 
ties of  the  path,  where  the  velocity  is  zero,  and  is  zero  at  the 
center  of  the  path,  where  the  velocity  is  greatest. 

65.  In  Harmonic  Motion  the  Acceleration  is  Proportional 
to  the  Displacement  and  Opposite  to  the  Displacement  in 
Sign.  Thus  it  is  seen  that  the  acceleration  of  p  is  always  di- 
rected toM^ards  the  position  of 
equilibrium,  that  it  reaches  its 
maximum  value  at  the  extremity 
of  the  path,  where  it  becomes 
jy  equal  to  the  full  acceleration  of 
P,  and  that  it  becomes  zero  at 
the  center.  At  any  intermedi- 
ate position  its  value  may  be 
shown,  with  the  aid  of  Fig.  48, 
to  be  directly  proportional  to 
tlie  distance  of  p  from  tlie  cen- 
ter, that  is  the  acceleration  is  proportional  to  the  displacement. 
Here  PQ,  or  a,  represents  the  total  acceleration  of  P,  while 
PE  and  P8  are  the  horizontal  and  the  vertical  components,  flx 
and  tty,  respectively.  The  resolution  of  a  into  its  components 
forms  the  triangle  BPQ,  which  is  similar  to  the  triangle  pOP. 
The  sides  of  these  triangles  being  proportional,  we  have 

-iu  ^  Op 
a  0  P' 


/^           n « "^ 

/                     W 

a: 


48.  Tlio  value  of  the  acceleratiou 
in  lianuonic  motion. 


But  Op  is  the  displacement  of  p,  here  denoted  by  x,  while  OP 
is  the  radius  r  of  the  auxiliary  circle.  Accordingly,  the  above- 
equation  becomes 
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01' 


a 


a 


Since  a  is  the  acceleration  of  F,  wliicli  is  constant  iu  magni- 
tude, while  r  is  the  radius  of  the  auxiliary  circle,  which  also  is 

constant,  the  value  of  the  fraction  ^  is  constant,  f/.,  being  there- 
fore equal  to  a  constant  multiplied  by  x,  is  proportional  to  x; 
that  is,  the  acceleration  of  p  is  proportional  to  the  displacement. 
Furthermore,  it  is  observed  that  this  acceleration  is  directed 
towards  the  left  when  the  displacement  is  to  the  right,  or  posi- 
tive, and  towards  the  right  when  the  displacement  is  to  the 
left,  or  negative.  From  this  it  follows  that  tJie  acceleration  is. 
not  only  proportional  to  the  displacement  in  magnitude,  lut  is-. 
also  opposite  to  the  displacement  in  sign.  Indeed,  it  is  because' 
the  acceleration  and  the  displacement  are  of  opposite  sign,  that 
the  minus  sign  must  always  occur  in  the  above  equation  which 
represents  the  acceleration  in  harmonic  motion. 

The  relations  in  harmonic  motion  here  set  forth,  that  the 
acceleration  is  always  proportional  to  the  displacement,  and 
is  always  directed  towards  the  position  of  equilibrium — that  is, 
that  the  acceleration  is  positive  when  the  displacement  is  nega- 
tive, and  negative  when  the  displacement  is  positive  — are  char- 
acteristics so  fundamental  that  their  statement  furnishes  the 
most  rigid  definition  of  this  motion.  Accordingly,  simple  har- 
monic motion  may  be  defined  as  motion  in  a  straight  line,  in  which 
the  acceleration  at  every  point  is  proportional  to  the  displace- 
i      ment  in  magnitude  and  opposite  to  the  displacement  in  sign. 

)\  66.     Mathematical  Expression  for  the  Acceleration  in  Har- 

I^    »^  monic  Motion.     The   relation   existing  between  the   accelera- 

,    V^  tion  PI\,  or  a^.  of  the  particle  p  and  the  acceleration  PQ,  or 

^      P  fl,  of  the  particle  P,  Fig.  48,  is  given  by  the  equation 
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-PJi 


pq 

or 


cos  B 


or 


—  =^  —  cos 


«x  =  —  (-1  COS 


Here  Q,  or  -R-P<?^  is  the  phase  angle,  since  it  is  equal  to  the  alter- 
nate interior  angle  XOP.  This  expression  shows  that  the  ac- 
celeration of  p  is  always  a  fractional  part  of  the  acceleration  of 
P,  and,  indeed,  it  is  the  fractional  part  which  is  denoted  by 
—  cos  9.  The  minus  sign  is  here  used  to  indicate  that  the  direc- 
tio^fi  of  the  acceleration  and  the  value  of  cos  6  are  of  oppomte 
signs.  Since  the  acceleration  of  p  is  always  directed  towards  the 
position  of  equilibrium,  that  is,  towards  the  central  point  of  the 
path,  it  follows  that,  in  the  first  and  fourth  quadrants,  where 
cos  0  is  positive,  the  acceleration  is  negative,  as  it  acts  toward 
the  left,  while  in  the  second  and  third  quadrants,  where  cos  0  is 
negative,  the  acceleration  is  positive,  as  it  acts  here  towards  the 
right.  Because  the  acceleration  of  p  varies  when  6  varies, 
its  value  at  any  point  depends  upon  the  position  of  the  par- 
ticle P,  which  revolves  in  the  auxiliary  circle.  Therefore,  by 
giving  different  values  to  0,  we  may  determine  the  acceleration 
of  p  at  different  points  of  its  path. 

When  ^  =  0  radians,  «x  =  —  a, 


$  =  —  radians,  '(s  =  'K 
2 


=  "■  radians,  a^  =  <f, 


,3  TT  _ 

0  =  —  radians,  a^  =  ''>, 
2 


=  2  TT  radians,  (^x  =  —  't. 
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From  these  values  of  a^,  it  is  evident  that  the  acceleration  of  p 
reaches  a  maximum  at  the  extremities  X  and  X'  of  its  path,  and 
at  these  points,  indeed,  it  is  equal  in  magnitude  to  the  full  ac- 
celeration of  P  in  the  circle.  The  acceleration  diminishes  as  p 
approaches  the  center,  and  becomes  zero  when  the  center  is 
reached.  As  this  point  is  passed,  the  acceleration  changes  its 
sign,  increases  again  in  magnitude  and  rises  once  more  to  the 
maximum  a  at  the  extremities  X  and  X'. 
In  the  expression,  (p.  72), 

«x  =  —  a  cos  6, 


if  cos  0  is  replaced  bv  its  value  — ,  we  have 

*  r 


(( 
r 

which  is  the  equation  for  the  acceleration  in  harmonic  motion, 
as  before  derived  (p.  71). 

67.  The  period  in  Harmonic  Motion.  Besides  furnishing 
the  most  rigid  definition  of  harmonic  motion,  (p.  71),  the 
equation. 

a 
«x  =  —  —  X 
r 

is  helpful  in  expressing  the  value  of  the  period  with  which  this 
motion  takes  place.  Here  a  is  the  constant  central  acceleration 
of  the  particle  P  in  the  auxiliary  circle,  that  is  (p.  54) 


V 

a  =  — 
r 

so  that 
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In  this  equation,  v  is  the  linear  velocity,  or  the  speed,  of  P  in 
its  path,  (p.  51),  Avhere 


V  = 


2'n-  r 

T 


The  equation  then  becomes 

4    TT' 

where  T  is  the  period.     This  is  the  usual  expression  for  the  ac- 
celeration in  harmonic  motion. 

When  this  equation  is  solved  for  T,  or  the  period. 


1  =  2  ■"■   1/     —  — 


1/ 


or 


T   =    2    TT 


V 


displacement 
acceleration 


Inasmuch  as  the  displacement  and  the  acceleration  are  always 
of  opposite  signs,  the  quantity  under  the  radical  sign  is  always 
positive,  and  T  is  ahvays  positive  and  real.  Moreover,  since  27r 
is  a  constant  quantity — a  number — ,  and  since  the  fraction 

, displacement 

acceleration 

is  always  a  constant,  (p.  71),  the  value  of  T,  depending  as  it 
does  only  upon  constant  quantities,  is  itself  a  constant.  Ac- 
cordingly, tlie  'period  in  harmonic  motion  is  perfectly  constant, 
and  the  vibrations  of  a  particle  executing  harmonic  motion 
take  place  in  equal  times.  Furthermore,  since  the  amplitude 
does  not  enter  into  this  expression  for  the  period,  the  all-im- 


v* 
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portaiit  law  is  likewise  deduced,  that  the  period  of  a  particle 
executing  harmonic  motion  is  independent  of  the  ampUiudc. 
The  laws  of  harmonic  motion  here  derived,  namely,  that  flie 
acceleration  is  proportional  to  the  displacement  and  opposite  to 
the  displacement  in  sign,  that  the  period  is  independent  of  the 
amplitude,  and  that  the  vih rations  take  place  in  equal  times, 
are  most  fundamental,  and  are  of  frequent  service  in  the  study 
of  the  pendulum,  and  of  problems  in  elasticity,  sound,  and  light. 

CHAPTER  VII. 

FORCE  AND  MOTION. 

68.  Definition  of  Matter.  In  the  foregoing  pages,  we  have 
considered  motion  simply  in  the  abstract,  without  making  in- 
quiry as  to  its  origin  or  as  to  the  conditions  under  which  it 
takes  place.  IMoreover,  we  have  regarded  it  from  a  purely 
geometrical  standpoint,  and  have  spoken  of  a  moving  particle 
or  body,  without  giving  further  attention  to  the  size  or  shape 
of  this  body,  or  to  the  amount,  or  quantity,  of  matter  which  is 
affected  by  the  motion.  In  considering  now  the  motion  of  a 
body  as  this  actually  occurs  in  the  world  about  us,  it  is  neces- 
sary, first  to  notice  especially  the  quantity  of  matter  the  body 
contains,  and  later  to  take  into  account  other  attributes  or  con- 
ditions of  this  body. 

The  definition  of  matter  previously  given  (p.  2),  namely, 
that  it  is  anything  that  occupies  space,  is  far  from  complete 
because  it  does  not  tell  what  matter  is.  Since  its  nature  at  pres- 
ent is  not  well  understood,  matter  is  defined  as  above  simply  by 
one  of  its  most  obvious  and  distinctive  qualities.  If  future  in- 
vestigation should  reveal  the  nature  of  its  structure  and  com- 
position, it  will  in  no  way  alter  the  fact  that  matter  must  oc- 
cupy space ;  and  so  we  may  take  this  definition,  which  is  obvi- 
ously not  incorrect,  though  inadequate,  as  only  provisional  and 
unsatisfactory. 

69.  Mass.  Among  the  many  waj's  in  which  bodies  are  found 
to  differ  in  their  characteristics,  is  the  one  which  has  to  deal 
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with  their  masses,  that  is,  with  the  amounts,  or  quantities,  of 
matter  that  enter  into  the   constitution  of  these  bodies.     Ac- 
cordingly, mass  is  defined  as  the  quantity  of  matter  a  hody  cor- 
tains,  irrespective  of  the  kind  of  material  of  which  it  is  corv. 
posed. 

The  mass  of  a  body  must  be  regarded  as  an  inherent  prop- 
erty of  the  body,  and  one  that  remains  unchanged  so  long  as 
matter  is  neither  added  to  the  body  nor  taken  from  it.  Indeed, 
modern  science  is  founded,  in  part  at  least,  upon  the  doctrine 
of  the  conservation  of  matter,  which  assumes  the  constancy  of 
mass  and  its  independence  of  any  change  within  the  power  of 
man.  Thus  the  mass  of  a  block  of  iron  remains  the  same 
whether  it  is  at  one  place  or  another  on  the  earth's  surface, 
or  whether,  in  imagination,  it  be  removed  altogether  from  the 
earth,  and  carried  to  another  planet  or  to  interstellar  space. 
The  iron  may  even  be  melted  or  beaten  into  another  form  with- 
out affecting  its  mass,  provided  only  that  the  iron  remains  the 
same  iron,  no  particles  of  matter  being  added  to  it  or  taken 
from  it. 

70.  Distinction  between  Mass  and  Weight.  In  forming  the 
conception  of  mass  noted  above,  we  must  free  the  mind  com- 
pletely from  the  more  usual  idea  of  the  weight  with  which  all 
matter  is  inevitably  associated  on  the  earth.  As  will  be  ex- 
plained in  detail  later,  the  weight  of  a  body  is  the  attraction 
of  the  earth  for  the  body ;  and  so  the  weight  of  a  body  de- 
pends  for  its  very  existence  upon  the  presence  of  the  earth  or 
some  other  body  outside  itself  to  attract  it.  The  amount  of 
matter  the  body  contains,  or  its  mass,  is  in  no  way  affected  by- 
the  presence  or  absence  of  this  outside  attracting  body;  hence 
its  mass  remains  without  increase  or  decrease,  wherever  in  the 
universe  the  body  may  be  situated.  ''The  destructive  effects 
of  a  cannon  ball  are  due  entirely  to  its  mass  and  to  the  relative 
speed  with  which  it  impinges  on  the  target,  and  would  be  ex- 
actly the  same  (for  the  same  relative  speed)  in  regions  so  far 
from  the  earth,  or  other  attracting  bodies,  that  the  ball  had 

practically  no  weight  at  all When  we  open  a  large 

iron  gate  properly  supported  on  hinges,  it  is  the  mass  vnth 
which  we  have  to  deal;  if  it  were  lying  on  the  ground  and  we 
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tried  to  lift  it,  we  should  have  to  deal  simultaneously  with  its 
weight  and  with  its  mass. "     (Tait :     Properties  of  Matter.) 

71.  Density.  As  regards  their  masses,  bodies  differ  among 
themselves  not  only  as  to  their  volumes,  but  also  as  to  the  in- 
tensity with  which  matter  fills  those  volumes.  Therefore,  the 
mass  of  a  body  depends  both  upon  its  volume  and  also  upon 
the  quantity  of  matter* contained  in  unit  volume;  and  so  the 
entire  mass  of  a  body  is  the  number  of  units  in  the  volume  of 
the  body  multiplied  by  the  mass  contained  in  unit  volume. 
The  quantity  of  matter  contained  in  unit  volume  is  known  as 
tJie  density,  and  this  is  always  the  ratio  between  the  entire  mass 
of  the  body  and  the  number  of  units  in  the  volume  of  the  body. 
Accordingly, 

Dmass 
ensitj'^  = , 

volume 


or 


Density  =  mass  in  unit  volume. 

From  this  it  is  evident  that  a  hody  lias  unit  density  when  unit 
mass  is  contained  in  unit  volume,  that  is,  when  the  mass  of  1 
gram  is  contained  in  1  cubic  centimeter.  The  only  body  com- 
pletely satisfying  this  definition  of  unit  density  is  Avater,  since 
1  cubic  centimeter  of  water  has  a  mass  of  1  gram.  1  cubic 
centimeter  of  iron,  however,  has  a  mass  of  7.7  grams;  1  cubic 
centimeter  of  silver  has  a  mass  of  10.4  grams;  1  cubic  centi- 
meter of  gold  has  a  mass  of  19.3  grams,  etc.  Therefore  the 
density  of  water  is  1 ;  the  density  of  iron  7.7 ;  the  density  of 
silver  10.1 ;  the  density  of  gold  19.3,  and  so  on. 

72.  Quantity  of  Motion.  Since  a  body  cannot  move  unless 
matter  changes  its  position,  the  motion  of  a  body  implies  that 
the  matter  contained  in  that  body  is  imbued  with  a  certain 
velocity.  In  all  considerations  of  motion,  therefore,  it  is  nec- 
essary to  regard  not  only  the  mass  which  moves  but  also  tha 
velocity  with  which  it  moves. 
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If  two  equal  masses  move  with  equal  velocities,  it  is  evident 
that  the  amount,  or  quantity,  of  motion  in  one,  however  this 
may  be  measured,  is  exactly  equal  to  the  amount  or  cfuantity  of 
motion  in  the  other.  If  the  masses  are  now  united,  it  is  also 
evident  that  the  quantity  of  motion  in  this  two-fold  mass  is 
twice  as  great  as  that  in  either  one  of  the  single  masses.  Ac- 
cordingly, if  the  velocity  remains  the  same,  the  amount,  or  quan- 
tity, of  motion  in  a  moving  body  is  directly  proportional  to  the 
mass  of  that  body. 

Again,  it  is  evident  that,  if  a  certain  mass,  moving  with  a 
certain  velocity,  contains  a  certain  quantity  of  motion,  the  same 
mass,  moving  with  a  velocity  twice  as  great,  contains  a  two-fold 
quantity  of  motion.  Therefore,  if  the  mass  remains  constant, 
the  quantity  of  motion  in  a  moving  body  is  directly  propor- 
tional to  the  velocity  with  which  the  body  moves.  Since  the 
quantity  of  motion  in  a  moving  body  is  thus  proportional  to 
the  mass  which  moves  and  also  to  the  velocity  with  which  it 
moves,  and  to  these  alone,  it  must  be  proportional  to  their 
product,  and  be  measured  by  their  product. 

73.  Momentum.  When  motion  is  considered  as  a  measurable 
quantity,  the  amount,  or  quantity,  of  motion  is  known  as  the 
momentum.  The  momentum  of  a  moving  body,  therefore,  is 
proportional  to  the  product  of  the  mass  of  the  body,  and  the 
velocity  with  which  the  body  moves ;  or 

IMomentum    :  m  v, 
that  is. 

Momentum    :=    k   m   v, 

where  m  is  the  mass  of  the  moving  body,  v  its  velocity,  and  h 
the  factor  of  proportionality. 

74.  The  Unit  of  Momentum.  No  mention  has  yet  been  made 
of  the  unit,  in  terms  of  which  momentum,  or  quantity  of  motion, 
may  be  measured,  and  the  choice  is  a  wide  one  because  of  the 
presence  of  the  factor  k.  If  we  agree  to  call  the  momentum 
unity  when  the  mass  and  the  velocity  are  each  equal  to  unity, 
then  k  must  also  be  unity,  that  is 
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k  =  l. 
and  in  this  case 

Momentum  ^=  m  v. 

Therefore,  in  order  that  h  may  be  equal  to  unity,  we  de- 
fine tlie  unit  momentum  to  he  tlie  momentum,  or  tlie  quantity 
of  motion,  possessed  hy  unit  mass  moving  ivitJi  unit  velocity, 
that  is,  by  the  mass  of  1  gram  moving  with  a  velocity  of  1  cen- 
timeter per  second. 

Moreover,  since  momentum  is  the  product  of  mass  and  ve- 
locity, the  magnitude  of  the  separate  factors  may  be  varied 
at  will,  so  long  as  the  product  remains  constant.  Thus,  there 
is  unit  momentum,  if  a  mass  of  1  gram  moves  with  a  velocity  of 

1  centimeter  per  second,    or  if  a  mass  of  —  gram  moves  with  a 

10 

velocity  of  10  centimeters  per  second,  or  if  a  mass  of  10  grams 
moves  with  a  velocity  of  —  centimeter  per  second,  the  product 
of  mass  and  velocity  being  unity  in  each  case. 

75.  Force,  Observation  of  the  conditions  existing  in  the 
universe  leads  to  the  inevitable  conclusion  that  the  natural  state 
of  matter,  that  is,  its  condition  of  perfect  equilibrium,  is  either 
that  of  complete  rest  or  of  uniform  motion  in  a  straight  line. 
There  is  nothing  within  matter  itself  that  gives  to  it  the  power 
of  altering  its  state  of  rest  or  of  uniform  rectilinear  motion. 
Experience  shows  that  if  a  mass  originally  at  rest  is  made  to 
move,  or  if  matter  originally  in  motion  is  brought  to  rest  or  has 
its  motion  in  any  way  changed,  some  action  outside  the  body  itself 
must  have  taken  place,  and  this  action  is  what  is  known  as  force. 

In  accordance  with  this  conception,  force  may  he  defined  as 
any  cause  that  alters  or  tends  to  alter  a  hody's  natural  state  of 
rest  or  of  uniform  motion  in  a  straight  line.  This  simply  means 
that  force  is  an  effort  of  any  kind  which  produces  or  tends  to 
produce  motion  in  matter,  or  which  changes  or  tends  to  change 
the  existing  motion  of  matter.  A  pull,  a  push,  a  blow,  an  at- 
traction, a  repulsion  are  examples  of  force.     When  matter  at 
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rest,  however,  is  made  to  move,  or  when  matter  in  motion  is 
brought  to  rest  or  has  its  motion  in  any  way  changed,  a  change 
has  taken  place  in  the  velocity,  and  an  acceleration  has  been 
imparted.  Accordingly,  fojxe  is  any.  cause  that  imparts  ac- 
celeration to  matter. 

76.  Measurement  of  Force.  Since  matter  can  be  accelerated 
only  by  the  action  of  a  force,  it  is  necessary  to  investigate  the 
relation  between  the  force  which  acts,  the  mass  of  matter  upon 
which  it  acts,  and  the  acceleration  which  it  thus  imparts. 

If  two  forces  act  upon  two  equal  masses  of  matter  and  pro- 
duce an  equal  acceleration  in  each,  it  is  evident  that  the  forces 
themselves  must  be  in  every  way  equal.  If  the  two  equal 
masses  are  now  united,  and  a  force  acts  upon  this  double  mass 
to  produce  the  same  acceleration,  it  is  likewise  evident  that 
this  must  be  a  two-fold  force.  Accordingly,  we  see  that  when 
different  forces  act  upon  different  masses  to  produce  tlie  sarrv& 
acceleration  the  forces  must  he  proportional  to  the  masses.  On 
the  other  hand,  if  two  unequal  forces  act  upon  two  equdl  masses 
and  produce  an  acceleration  in  one  twice  as  great  as  in  the  other, 
the  force  producing  the  double  acceleration  is  of  twice  the  in- 
tensity of  the  one  producing  the  single  acceleration.  There- 
fore, when  different  forces  act  upon  equal  masses  to  produce 
different  accelerations,  the  forces  must  he  proportional  to  the 
accelerations.  Since  forces  are  thus  proportional  to  the  masses 
upon  which  they  act  and  to  the  accelerations  which  they  im- 
part, they  must  be  proportional  to  the  product  of  these  two 
quantities,  or 

Force   :  mass  X  acceleration, 

that  is 

Force  =  Ic  mass  X  acceleration, 

or,  more  briefly, 

F  =  k  m,  a, 
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where  F  is  the  force,  m  the  mass,  a  the  acceleration,  and  k  the 
factor  of  proportionality. 

77.  The  Unit  of  Force — The  Dyne.  Inasmuch  as  the  above 
relation  always  holds  true,  we  may  derive  from  it  a  unit  in 
terms  of  which  it  is  possible  to  measure  and  compare  forces. 
In  order  that  the  unit  of  force  so  derived  may  b©  an  absolute 
unit  (p.  18),  it  must  be  expressed  in  terms  of  absolute  units 
only;  and  in  this  event  k'  must  equal  unity.  Accordingly,  if 
we  choose  our  unit  so  that  F  shall  be  unity,  when  m  and  a  are 
each  equal  to  unity,  then  in  the  above  expression, 

k  =  \, 
and  we  have 

F  =r  m  a. 

In  giving  to  k  the  value  of  unity  in  this  expression,  we  have, 
however  thereby  determined  the  absolute  unit  of  force  ta  be 
the  force  which  will  impart  to  1  absolute  unit  of  mass  1  abso- 
lute unit  of  acceleration.  If  we  select,  as  the  absolute  units, 
those  of  the  C.  G.  S.  system,  the  unit  of  force  thus  determined 
is  called  the  dyne.  Accordingly,  the  absolute  C.  G.  S.  unit  of 
force,  or  the  dyne,  is  the  force  which  will  impart  to  1  gram  of 
matter  an  acceleration  of  1  centimeter  per  second  in  a  second. 

A  conception  of  the  magnitude  of  the  dyne  may  be  obtained 
as  follows :  When  1  gram  of  matter  falls  freely  under  the 
attraction  of  gravity  (p.  34),  it  acquires  an  acceleration  of  981 
centimeters  per  second  in  a  second,  while,  as  we  have  learned 
above,  the  dyne  acting  on  1  gram  of  matter  imparts  to  it  an  ac- 
celeration of  only  1  centimeter  per  second  in  a  second.  There- 
fore, the  force  of  gravity  acting  on  1  gram  of  matter — tJiat  is, 
the  wciglit  of  1  gram — is  a  force  of  981  dynes;  and,  accordingly, 

one  dvne  is  a  force  equal  to  —  part  of  the  weight  of  1  gram  of 

981 

matter. 
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78.     The  Acceleration  Imparted  is  Inversely  Proportional  to 
the  Mass. 

In  the  expression 

F  —  m  a, 


we  see  that  force  is  equal  to  the  product  of  mass  and  accelera- 
tion. For  a  given  force,  therefore,  the  factors  may  vary  as 
ranch  as  we  please,  so  long  as  the  product  remains  constant. 
If  the  mass  upon  which  the  force  acts  is  very  large,  the  accel- 
eration imparted  must  be  correspondingly  small ;  and  conversely, 
if  the  mass  is  small,  the  acceleration  must  be  large  in  the  same 
proportion.  Thus,  a  force  of  1000  dynes  acting  upon  a  mass 
of  1  gram  will  impart  1000  units  of  acceleration;  but  a  force  of 
1000  dynes  acting  upon  a  mass  of  1000  grams  will  impart  only 
1  unit  of  acceleration.  Moreover,  a  force  of  1000  dynes  acting 
upon  a  mass  of  2  grams  will  impart  500  units  of  acceleration; 
while  a  force  of  1000  dynes  acting  upon  a  mass  of  500  grams 
will  impart  2  units  of  acceleration,  and  so  on.  From  this  we 
see  that  the  acceleration  imparted  by  a  given  force  is  always  in- 
versely proportional  to  the  mass. 

79.  Masses  Compared  by  a  Comparison  of  the  Accelerations 
Produced  by  a  Force.  Since  the  accelerations  imparted  to 
bodies  by  a  given  force  are  inversely  proportional  to  the  masses 
of  the  bodies,  it  is  possible,  by  comparing  these  accelerations, 
thereby  also  to  compare  the  masses.  This  may  be  accomplished, 
approximately,  at  least,  by  coiuiecting  by  a  coiled  spring  two 
small  carriages,  Fig.  49,  which  roll  freely  upon  a  smooth  table. 

If  two  unequal  masses 
are  placed  upon  these 
carriages  and  the  lat- 
ter drawn  apart,  the 
tension  in  the  spring 
will  cause  equal  forces 
to  act  ^^pon  each,  and 
the  masses  will  be  ac- 
celerated.   If,  for  instance,  the  masses  are  2  kilograms  and  1  kilo- 
gram and  if,  for  the  purpose  of  illustration,  the  masses  of  the  car- 
riages may  be  neglected,  the  acceleration  imparted  to  the  2  kilo- 


FiG.  49. 


A  fundamental  method  of  comparing 
two  masses. 
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gram  mass  will  be  only  half  as  much  as  that  imparted  to  'the  1 
kilogram  mass.  Since  the  accelerations  imparted  are  proportional 
to  the  distances  passed  over  in  a  given  time  (p.  33),  we  shall 
find  that  the  distance  passed  over  in  a  certain  time  by  the  2 
kilogram  mass  is  only  half  as  great  as  that  passed  over  in  the 
same  time  by  the  1  kilogram  mass. 

If,  now,  the  experiment  is  repeated,  using,  however,  an  un- 
known mass  instead  of  the  2  kilograms,  we  shall  find  that  the 
accelerations  are  again  unequal,  from  which  we  may  conclude 
not  only  that  the  masses  are  unequal,  but  that  these  masses  are  to 
each  other  inversely  as  their  respective  accelerations.  The 
ratio  of  the  accelerations  may  be  found,  as  before,  by  measuring 
the  distances  passed  over  by  each  mass  in  a  given  time,  and  the 
masses  are  then  inversely  as  these  distances.  Thus,  if  the  un- 
known mass  passes  over  10  centimeters,  while  the  1  kilogram 
passes  over  50  centimeters,  then 

Unknown  mass  :  1  kilogram  =  —   :  — , 

10      5(J 

or, 

Uakno'vvn  mass  =  .5  kilograms. 

This  method  of  comparing  masses  is  thus  seen  to  be  absolutely 
independent  of  weight,  and  would  operate  equally  well  in  re- 
gions so  far  from  the  earth  that  the  masses  had  practically  no 
weight  at  all. 

80.  Force  Expressed  in  Terms  of  Mass  and  Rate  of  Change 
of  Velocity.  It  is  possible,  howevei-,  to  look  at  force  from  a 
slightly  different  point  of  view.  Remembering  that  accelera- 
tion is  the  rate  of  change  of  velocity,  or  that 

a  =  ^^\  (p.  29) 

t 

we  may  substitute  this  value  of  a  instead  of  a  itself  in  the 
fundamental  expression  for  force, 
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F  —  ill  a, 


and  obtain 


TT  V  -    Vo 

_t  —  m 


Here  Y  —  T^o  is  the  change  that  has  taken  place  in  the  velocity 

XT jr 

of  the  mass  m  in  the  time  t,  so  that ~  denotes  the  rate  of 

t 

change  of  this  velocity,  due  to  the  action  of  the  force  F.     We 

may  therefore  express  force  as  the  product  of  the  mass  and  the 

rate  of  change  of  velocity. 

From  this  expression  for  force,   we  may   likewise   derive   a 

definition  of  the  unit   force.     Inasmuch    as  there    is    no  factoi' 

of   proportionality,   we   see   that   if  Y  —  Fq  is  unity,  and  if  m 

and  t  are  unity,  F  also  becomes  unity.     Accordingly,  the  unit 

force  is  the  force  that  in  unit  time  will  impart  to  unit  mass 

unit  velocity;  or,  adopting  the  C.  G.  S.  units,  tlie  unit  force,. 

or  the  dyne,  is  the  force  that  in  1  second  of  time  will  impart 

Th"5~expressk)n  of  force  may  also  be  written    — "u  jtJl^  wL^-<i-<*'  ^  '  4^  (^^^ 
a  kaJU'^.  en  [  Ca/sa  •  i|U4  .  /jX<  ,  0      I 

81.     Force  Ex4)ressed  as  the  Rate  of  Change  of  Momentum. 

The  aljove  expression  for  force  may  also  be  written 

J,  _  miV-   V.) 


or 


J-,  m  V  -  m  Vi> 


Here  the  numerator  of  the  fraction  represents  the  change  of 
the  momentum  that  has  taken  place  in  time  t,  and  the  fraction 
itself  denotes  the  rate  of  change  of  momentum.  Therefore,  the 
above  expression  defines  force  as  the  rate  of  change  of  mo- 
mentnm. 
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From  this  expression,  also,  we  may  derive  a  definition  of 
the  unit  force.  If  the  numerator  is  made  equal  to  unity,  that 
is,  if  w  V  —  w  Fp  represents  the  change  of  imit  momentum  and 
if  t  likewise  equals  unity,  then  F  will  equal  unity.  Accord- 
ingly, the  unit  force  is  the  force  that  in  unit  time  will  impart 
unit  momentum. 

These  three  definitions  of  the  unit  force  are  equivalent,  and 
may  be  used  indifferently. 

82.  Impulse  of  a  Force.  By  rewriting  in  slightly  different 
form  the  last  expression  for  force,  we  obtain 

F  t  =  7n  V  —  m  Vq. 

That  is,  the  product  of  the  force  and  the  time  during  which  the 
force  acts  equals  the  change  of  the  momentum  produced.  The 
product  of  the  force  and  the  time  during  which  it  acts  is  known 
as  the  impulse  of  the  force,  that  is, 

F  t  =  impulse. 

The  effectiveness  of  a  force  in  producing  or  changing  motion 
may  be  expressed  by  saying  that  the  impulse  of  a  force  always 
equals  the  change  of  momentum  imparted. 

Since  impulse  is  a  product,  of  which  the  factors  are  force  and 
time,  it  follows  that  the  time  during  which  a  force  acts  is  just 
as  effective  as  the  force  itself  in  producing  a  change  in  the  mo- 
mentum of  a  body.  That  is,  a  small  force  acting  for  a  very 
long  time  may  produce  a  considerable  change  in  the  momentum ; 
whereas  even  a  great  force  may  act  for  a  time  so  exceedingly 
short  that  the  impulse  is  small,  and  the  change  in  the  momen- 
tum is  correspondingly  small. 

Since  mass  enters  into  every  expression  for  force,  and  since 
the  effect  of  a  force  is  to  change  the  velocity  of  this  mass,  the 
word  "motion"  which  occurs  in  the  definition  of  force,  (p.  79), 
must  be  extended  so  as  to  mean  momentum.  Therefore,  a  more 
nearly  correct  definition  of  force  would  be:  force  is  any  cause 
that  produces  or  tends  to  produce  a  change  in  the  momentum 
of  a  body. 
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If  the  body  is  at  rest  before  the  force  acts  upon  it,  then 

ro=o, 

and  the  above  expressions  for  force  reduce  to  the  following : 

I'^  =  m  a, 

±'  =  rn    — , 

t 


1?  —    '"'    ^ 


t 


where  Y  denotes  the  final  velocity  of  the  body,  and  therefore 
tJie  total  change  in  the  velocity  due  to  the  action  of  the  force. 

83.  The  Characteristics  of  a  Force.  The  characteristics  of  a 
force  are  those  attributes  which  specify  or  differentiate  one  par- 
ticular force  from  any  other.  These  characteristics  are  three 
in  number;  the  direction,  the  intensity,  and  the  point  of  appli- 
cation. 

The  direction  of  a  force  is  the  characteristic  which  gives  di- 
rection to  the  momentum  imparted  by  the  force.  The  change  of 
momentum  produced  by  the  action  of  a  force  always  takes  place 
in  the  direction  in  which  the  force  acts. 

The  intensity  of  a  force  is  the  characteristic  which  deter- 
mines the  amount  of  the  momentum  developed  in  a  certain  time 
by  the  action  of  the  force.  The  amount  of  the  momentum  so 
developed  is  always  directly  proportional  to  the  intensity  of 
the  force. 

The  point  of  application  of  a  force  is  characteristic  which 
lias  to  do  with  the  quality,  or  kind,  of  motion  communicated  to 
an  extended  body  by  the  action  of  a  force  upon  it.  This  mo- 
tion may  be  one  of  translation,  or  one  of  rotation,  or  both,  de- 
pending upon  the  point  of  the  extended  body  at  which  the  force 
is  applied.  The  point  of  application  may  always  be  displaced 
by  any  amount  in  the  direction  in  which  the  force  acts,  without 
changing  the  effectiveness  of  the  force.     A  push,  therefore,  is 
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in  every  way  equivalent  to  a  pull,  both  being  in  the  same  di- 
rection and  of  equal  intensity. 

84.  Composition  and  Resolution  of  Forces.  Inasmuch  as 
force  is  a  directed  quantity,  it  is  evident  that  when  two  or  more 
forces  act  at  the  same  time  upon  the  same  point,  they  may  be 
replaced  by  a  single  force,  the  effect  of  Avhich  will  be  the  same 
as  the  combined  effects  of  the  several  forces.  This  single  force 
is  called  the  resultant,  and  the  several  forces  that  constitute  this 
resultant  are  called  the  components.  Accordingly,  tJie  result- 
ant of  a  system  of  forces  is  the  single  force  tliat  can  produce  the 
same  effect  as  the  several  forces  acting,  and  therefore  it  is  the 
single  force  that  can  take  the  place  of  the  several  forces. 

If  two  equal  and  opposite  forces  act  upon  a  particle,  each 
force  holds  the  other  in  equilibrium,  the  resultant  is  then  zero, 
and  the  particle  remains  at  rest.  Accordingly,  a  particle  is 
said  to  be  in  equilih7Hum,  that  is,  it  has  no  motion  imparted  to  it 
by  the  existing  forces,  when  the  resultant  of  all  the  forces  acting 
upon  it  is  zero.  A  force  equal  to  the  resultant  and  acting  in  the 
opposite  direction,  since  it  holds  the  resultant  in  equilibrium  will 
also  hold  the  system  of  forces  in  equilibrium  and  may  be  called 
the  anti-resultant. 

When  forces  are  parallel,  whether  they  are  in  the  same  or  in 
opposite  directions,  the  resultant  may  be  found  by  taking  their 
algebraic  sum.  If  forces  meeting  at  a  point  make  an  angle 
with  one  another,  they  may  be  compounded  according  to  the 
'^parallelogram  law,"  where  the  resultant  of  two  forces  is  the 
diagonal  of  the  parallelogram  founded  upon  these  two  forces 
as  sides.  This  resultant  may  be  compounded  in  the  same  way 
with  another  force,  and  so  on  until  all  have  been  used.  ]\Iore- 
over,  any  force  may  be  regarded  as  a  resultant,  and  may  be  re- 
solved into  its  components  in  any  two  directions  by  the  general 
law  for  the  resolution  of  vectors  previously  given    (p.  41). 

85.  The  Triangle  of  Forces.  If  tliree  forces  are  in  equilib- 
rium, that  is,  if  the  resultant  of  three  forces  is  zero,  the  three 
forces  must  meet  at  a  point,  they  must  lie  in  one  plane,  and 
they  must  be  represented  in  intensity  and  direction  by  the  three 
sides  of  a  triangle  taken  in  order;  that  is,  each  force  must  be 
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equal  and  opposite  to  the  resultant  of  the  other  two.     This  is 
known  as  the  triangle  of  forces. 

The  truth  contained  in  the  principle  of  the  triangle  of  forces 
may  be  illustrated  as  follows:  AB  and  AC,  Fig.  50,  are  two 

Cx- -^D 


Fig.  .50.     Eqiiilibi-iuin  of  three  forces. 

forces  acting  at  point  A,  AD  is  their  resultant,  being  the  diag- 
onal of  the  parallelogram  founded  upon  AB  and  AC  as  sides. 
In  order  to  hold  these  two  forces  in  equilibrium,  that  is,  in 
order  to  have  a  zero  resultant,  it  is  necessary  to  add  the  third 
force  AD%  which  is  the  anti-resultant  of  the  other  two.  Since 
AD  and  AD^  are  in  equilibrium,  it  follows  that  the  three  forces, 
AB,  AC,  and  AD^  are  also  in  equilibrium.     Accordingly,  Fig. 

51,  if  AB  represents  one  force  in  in- 
tensity and  direction,  and  BD,  which 
is  the  equal  of  AC,  represents  the  sec- 
ond force,  then  the  side  DA  will  also 
represent  in  intensity  and  direction 
the  force  AD\  which  holds  the  forces 
AB  and  AC  in  equilibrium.  The 
forces  AB,  AC  and  AD^,  which  are 
in  equilibrium,  may  therefore,  be  rep- 
resented in  direction  and  intensity  by  the  three  sides  of  the  tri- 
angle, AB,  BD,  and  DA,  taken  in  order. 

Any  number  of  forces  in  equilihrium  may  be  represented  in 
intensity  and  direction  by  the  sides  of  a  closed  polygon.  This 
polygon  need  not  be  plane. 


Fig.  51.     The    triangle    of 
forces. 
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Fig.  ."2.     Ball  on  a  jet  nf  water    illus 
trating  three  forces  in  equilibriiim. 


A  ball  supported  on  a  jet  of  water  beautifully  illustrates  the 
action  of  three  forces  in  equilibrium.  The  impact  of  the  water 
upon  the  ball  is  a  force  that  may  be  represented  by  F,  Fig.  52, 
the  weight  of  the  ball  acting  vertically  downward  is  a  force  rep- 
resented by  ^y,  while  the  water 
flowing  along  the  side  of  the 
ball  produces  a  diminution  in 
the  pressure  of  the  air  on  that 
side.  Accordingly,  there  is  an 
unbalanced  pressure  of  the  air, 
that  is,  a  force,  represented  by 
P.  acting  upon  the  opposite 
side.  If  these  three  forces  may 
be  represented  by  the  three 
sides  of  a  triangle  taken  in 
order,  that  is,  if  each  of  these 
forces  is  equal  and  opposite  to 
tbe  resultant  of  the  other  two, 

the  resultant  is  zero,  and  the  ball  remains  in  equilibrium  sup- 
ported upon  the  jet. 

^  86.  Moments.  We  have  heretofore  considered  a  force  chiefly 
V  as  regards  its  effect  in  producing  translation,  that  is,  causing 
motion  in  a  straight  line,  where  the  direction  of  the  motion  co- 
jK^  incides  with  the  direction  of  the  force,  and  the  quantity  of  mo- 
\  tion  is  proportional  to  the  intensity  of  the  force.  We  have 
seen,  hoAvever,  that  when  a  force  acts  upon  an  extended  body, 
the  force  may  produce  a  motion  of  translation  or  one  of  rota- 
tion, depending  upon  the  point  at  which  the  force  is  applied. 
Tf  the  extended  body  is  perfectly  free,  and  the  force  acts  in  the 
direction  of  a  point  within  the  body  known  as  the  center  of  mass, 
the  motion  is  one  of  pure  translation,  and  the  particles  of  the 
body,  move  forward  in  lines  which  are  straight  and  parallel. 
If,  however,  the  force  acts  upon  the  body  in  a  direction  other 
than  towards  the  center  of  mass,  the  efiPect  of  the  force  is  to  pro- 
duce not  only  a  translation  but  also  a  rotation. 

When  an  extended  body  is  not  free,  but  is  so  supported  at  any 
one  of  its  points  that  it  can  rotate  about  that  point,  a  force, 
unless  it  be  directed  toward  the  point  of  support,  will  cause  the 
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body  to  rotate,  and  the  force  is  said  to  give  rise  to  a  certain- 
moment.  The  moment  of  a  force  is  the  measure  of  the  im- 
portance of  that  force  in  producing  rotation,  and  depends  not 
only  upon  the  direction  and  intensity  of  the  force,  but  also  upon 
its  point  of  application. 

The  point  about  which  the  rotation  takes  place  is  called  the 
center  of  moments.  The  perpendicular  distance  between  the 
center  of  moments  and  the  force,  or  between  the  center  of  mo- 
ments and  the  direction  of  the  force  produced,  is  called  the 
lever  arm  of  the  force.  The  longer  the  lever  arm,  the  greater 
is  the  ''leverage"  of  the  force,  and  the  greater  is  its  effective- 
ness in  producing  rotation.  The  moment  of  a  force,  therefore, 
is  measured  hy  the  product  of  the  intensity  of  the  force  and  the 
length  of  the  lever  arm. 

Thus,  if  the  shaded  portion,  Fig.  53,  represents  any  body 
whatever,  free  to  rotate  about  the  point  0,  the  point  0  is  called 
the  center  of  moments.  The  force  F,  acting  at  the  point  a,. 
wdll  produce  rotation  about  0,  since  0  does  not  lie  in  the  direc- 
tion AF  in  which  the  force 
acts.  The  effect  of  the 
force  upon  the  body  will 
remain  the  same  if  the 
point  of  application  of  the 
force  is  changed  from  a  to 
I)  or  c,  since  both  of  these 
points  lie  in  the  direction 
of  the  force.  The  perpendicular  distance  Op  between  the  cen- 
ter of  moments  and  the  direction  of  the  force  is  the  lever  arm 
of  the  force.  This  distance,  then,  is  one  of  the  two  factors  that 
determine  the  moment  of  the  force,  tlie  other  being  the  inten- 
sity F.  Accordingly,  the  effectiveness  of  this  force  in  produc- 
ing rotation,  that  is,  the  moment  of  the  force  F  about  the  point 
0  is 


The  principlo  of  moments. 


F  X  Op. 


If  the  point  of  application  of  the  force  had  been  d  instead  of  a, 
h,  or  c,  the  lever  arm  of  the  force  would  have  been  Op^,  and  the 
moment  would  have  been  only 
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"When  a  force  produces  rotation,  the  rotation  is  regarded  as 
positive  or  negative  according  to  a  purely  arbitrary  convention. 
Rotation  in  the  direction  of  the  hands  of  a  watch,  or  clockwise, 
is  considered  negative,  while  rotation  in  the  opposite  direction,  or 
counter-clockwise,  is  positive. 

87.  Conclitions  of  Equilibrium  for  a  Rigid  Body.  Accord- 
ing to  the  location  of  the  point  of  application,  a  force  may  pro- 
duce a  motion  of  simple  traiLslation,  or  one  of  rotation,  or  per- 
haps both.  When  several  forces  act  at  different  points  upon 
an  extended  body,  the  resulting  motion  is  the  combined  effects 
of  all  forces  acting.  If  the  body  is  to  be  in  equilibrium,  that 
is,  if  there  is  to  be  no  motion  whatever,  there  must  be  neither  a 
resultant  force  to  produce  translation,  nor  a  resultant  moment 
to  produce  rotation.  In  other  words,  there  are  two  conditions 
that  must  he  fulfilled  if  equilihrium  is  to  result:  the  algehraic 
sum  of  all  the  forces  in  any  direction  must  he  zero,  and  the  alge- 
braic sum  of  tJie  moments  about  any  aocis  must  cdso  be  zero. 

88.  A  Rigid  Body  in  Equilibrium.  The  conditions  for  the 
equilibrium  of  a  rigid  body  under  the  action  of  several  forces 
may  be  illustrated  in  Fig.  54.  Here  the  forces  F  and  jP'  equal 
to  1  and  2  units  respectively,  act  at  points  10  and  40  of  the 
graduated  bar,  which  for  the  sake  of  simplicity  we  may  suppose 
to  be  without  weight. 


Since  these  forces 
are  parallel  and  in 
the  same  direction, 
the  resultant  R  is 
equal  to  their  sum,  or 
3  units.  A  result- 
ant, however,  cannot 
hold  a  system  of 
forces  in  equilib- 
rium ;  and  the  effect 
upon  the  bar  is  ex- 
actly the  same  as  if 


R'=3 
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Fig.    54.  A   bodj'   in    equilibrium   under   the   action 
of  several  forces. 
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the  forces  F  and  F^  were  removed  and  the  resultant  R  oper- 
ated in  their  place.  Accordingly,  if  equilibrium  is  to  be  pro- 
duced, Ave  must  apply,  as  an  anti-resultant,  a  force  R%  equal 
to  the  resultant  and  in  the  opposite  direction.  In  doing  this, 
■we  have  complied  with  the  first  of  the  two  conditions,  f o--  c  qui- 
librium ;  for  the  algebraic  sum  of  the  forces  F,  F'  and  R'  is 
zero. 

As  yet. nothing  has  been  said  as  to  the  location  of  the  result- 
ant E  or  of  the  anti-resultant  R'.  This,  however,  may  be  de- 
termined by  remembering  that,  as  the  resultant  may  in  every 
"way  take  the  place  of  the  forces  acting,  it  must  also  produce  the 
■same  amount  of  rotation,  that  is,  it  must  have  a  moment  equal 
to  the  sum  of  the  moments  of  F  and  F'.  If  we  choose  the  point 
O  as  the  center  of  moments,  although  any  other  point  might  be 
taken  equally  well,  we  see  that  the  moment  of  F  about  0  is 

1  X  10,  or  10,  (negative  rotation), 

where  10  is  the  lever  arm;  and  the  moment  of  F'  about  0  is 

2  X  40,  or  80,   (likewise  negative  rotation), 

where  in  this  case  40  is  the  lever  arm. 

The  algebraic  sum  of  the  moments  of  F  and  F'  about  0  is,  there- 
fore, 

10  +  80,  or  90,   (negative  rotation), 

so  that  the  moment  of  the  resultant  R  must  also  be  90,  produc- 
ing negative  rotation.  But  the  intensity  of  12  is  3 ;  and  its 
lever  arm,  which  we  may  call  x,  must  be  of  such  length  that 

3  X  a;  =  90, 

from  which 

X  =  30. 
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Accordingly,  if  the  resultant  R  were  to  replace  the  forces  F 
and  F',  it  would  have  to  be  applied  at  point  30,  in  order  that  its 
moment  might  be  equal  to  the  sum  of  the  moments  of  F  and  F\ 
Therefore,  if  we  are  to  establish  the  condition  of  equilibrium^ 
the  anti-resultant  R'  must  be  applied  at  point  30  in  order  that 
its  moment  about  0  may  be  90  and  produce  rotation  in  the  posi- 
tive direction. 

From  this  we  see  that  the  forces  F  and  F^  applied  at  points 
10  and  40  respectively,  and  the  force  R^  applied  at  point  30 
will  produce  equilibrium;  for  the  algebraic  sum  of  these  forces 
is  zero,  and  the  algebraic  sum  of  their  moments  is  likewise  zero. 

89.  The  Couple.  Two  forces,  equal  in  intensity  and  opposite 

jn_direction,  acting  at  different  points  upon  an  extended  body, 

constitute  a  couple.     A  couple,  therefore,  consists  of  two  equal, 

parallel  forces,  acting  in  opposite   directions,  but  not  at  the 

same  point  nor  in  the  same  line. 

Since  the  two  forces  of  a  couple  are  always  equal,  parallel, 
and  opposite,  their  resultant  is  zero  as  regard  translation,  and 
the  entire  effect  of  a  couple  is  to  produce  rotation.  Wherever 
the  point  may  be  about 
which  the  rotation  takes 
place,  that  is,  whatever 
point  may  be  chosen  as 
the  center  of  moments, 
the  moment  of  the  cou- 
ple is  the  algebraic  sum 
of  the  moments  of  the 
two  forces  about  that 
point.  Thus,  Fig.  55, 
if  0  is  the  center  of 
moments  and  Oa  and  Oh  are  the  lever  arms  of  the  two  forces 
respectively,  the  moments  of  the  left  hand  force  about  0  is 
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F  X  Oa,  (positive  rotation), 


and  the  moment  of  the  right  hand  force  about  this  point  is 
F  X  Od,  (also  positive  rotation). 
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Since  both  forces  tend  to  produce  rotation  in  the  same  direction, 
the  moment  of  the  couple  is  the  sum  of  the  moments  of  the  two 
forces,  or 

Moment  of  the  couple  ^=  F  X  Oa  -\-  F  y^  Oh, 

or 

F  {Oa  +  Oh), 

or 

F  X  ah. 

If  the  center  of  moments  is  taken  on  the  line  ah  produced,  or, 
indeed,  anywhere  else,  either  within  or  without  the  body,  the 
moment  of  the  couple  remains  unchanged.  The  moment  of  a 
couple  is  thus  seen  to  he  the  product  of  one  of  the  forces  and  the 
perpendicular  distance  hetiveen  them,  and  to  be  wholly  inde- 
pendent of  the  position  of  the  center  of  moments.  Since  the 
resultant  of  a  couple  is  zero  as  regards  translation,  no  single 
force  can  replace  a  couple.  A  couple  may  be  held  in  equilih- 
riiim  only  by  the  action  of  another  couple  of  equal  moment 
tending  to  produce  rotation  in  the  opposite  direction. 

90.     Equilibrium  of  Couplos.     The  freedom  from  rotation, 
which  may  be  attained  only  by  the  action  of  one  couple  holding 
another  in   equilibrium,   may  be    illustrated    by    placing    two  . 
couples  of  equal  and  opposite  moments  upon  the  bar  shown  in 
Fig.  56.     The  two  forces  F,  each  equal  to  2  units,  and  the  two 


F=2 


■ 

F 

=  1 

10 

20 

, 

F=l 

■ 

F  =  2 

Fig.  56.  Two  couples  in   equilibrium. 


forces  F\  each  equal 
to  1  unit,  constitute 
the  two  couples,  the 
perpendicular  dis- 
tance between  the 
forces  being  10  for 
the  first  couple,  and 
20  for  the  second. 
Since  the  moment  of 
a  couple  is  the  prod- 
uct   of    one    of    the 
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forces  and  the  perpendicular  distance  between  them,  we  see  that 
the  moment  of  the  first  couple  is 

2   X    10,  or  20,    (positive  rotation), 

iind  that  the  moment  of  the  second  conple  is 

1  X  20,  or  20,  (negative  rotation). 

The  algebraic  sum  of  these  moments  is  therefore  zero ;  and  as 
the  algebraic  sum  of  the  forces  is  likewise  zero,  the  body  or  bar 
is  completely  in  equilibrium  (p.  91). 

From  this  we  see  that  a  couple  cannot  be  held  in  equilibrium 
by  a  single  force,  but  only  by  the  action  of  another  couple  of 
eciual  moment  tending  to  produce  rotation  in  the  opposite  di- 
rection. 

91.  Center  of  Mass.  We  have  seen,  (p.  90),  that  the  moment 
of  a  force  with  respect  to  a  certain  center  of  moments  is  the 
product  of  the  intensity  of  the  force  and  the  perpendicular  dis- 
tance let  fall  from  the  center  of  moments  upon  the  force.  By 
an  extension  of  this  principle,  we  may  define  the  moment  of 
mass  tvith  respect  to  a  plane  to  be  the  product  of  the  mass  and 
the  perpendicular  distance  let  fall  from  that  mass  upon  the 
plane. 

Thus,  Fig.  57,  the  moment  of  the  mass  m  with  respect  to  the 
plane  ABCD  is  the  product  of  the  mass  m  and  the  perpendicu- 
lar distance  r  between  this  mass  and  the  plane,  that  ,is, 

IMoment  of  mass  m  with  respect  to  plane  ABCD  =  mr. 

In  a  similar  way. 

Moment  of  mass  W  with  respect  to  plane  ABCD  =  m'r\ 

If  perpendicular  distances  on  one  side  of  the  plane  are  consid- 
ered as  positive,  these  distances  on  the  other  side  must  be  taken 
as  negative,  so  that  the  moment  of  mass  m",  situated  on  the 
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Other  side  of  the  same   place   and   at   a  distance   r''  from  it,  is: 
negative,  or 

Moment  of  mass  m''  with  respect  to  plane  ABCD  =  m''r". 


771 


7^" 


V 


m' 


7n 


Fig.  .")7.     The  moment  of  mass 
with  respect  to  a  plane. 


If  m,  m',  and  m"  are  now  con- 
sidered simply  as  particles  of  an 
extended  body,  through  which  the 
plane  ABCD  passes,  it  is  evident 
that  the  moment  of  mass  of  each 
of  the  other  particles  of  the  body 
may  be  determined  in  a  similar 
manner.  It  is  further  obvious 
that,  in  general,  according  to  the 
location  of  the  plane,  some  of  these 
moments  of  mass  will  be  positive 
and  others  negative,  and  that  the  resultant  moment  of  mass  of 
the  entire  body  with  respect  to  this  plane  will  be  the  algebraic 
sum  of  all  the  moments  of  mass  of  the  individual  particles.  If 
the  plane  is  now  moved  parallel  to  itself  until  the  resultant  mo- 
ment of  mass  of  all  the  particles  is  zero,  that  is,  if  the  sum  of 
the  moments  of  mass  on  one  side  of  the  plane  is  exactly  equal 
and  opposite  to  the  sum  of  the  moments  of  mass  on  the  other 
side,  the  plane  is  then  said  to  pass  through  the  point  which  is 
known  as  the  center  of  77iass  of  the  body. 

If  this  is  true  for  any  plane  as  ABCD,  it  must  be  true  for  any 
other  plane,  and  therefore  it  is  true  for  all  planes.  Accord- 
ingly, if  different  planes  are  passed  in  all  possible  directions 
through  the  body,  and  each  plane  is  moved  parallel  to  itself 
until  the  resultant  moment  of  mass  with  respect  to  this  plane 
is  zero,  each  plane  must  then  pass  through  the  center  of  mass 
of  the  body,  and  this  point  is  therefore  determined  as  the  com- 
mon point  in  which  all  these  planes  intersect.  From  this  it 
follows  that  the  center  of  mass  of  an  extended  body  may  be  de- 
fined as  that  point  within  the  body  such  that,  if  a  plane  be 
passed  in  any  direction  through  this  point,  the  resultant  moment 
of  mass  of  all  the  particles  of  the  body  with  respect  to  this  plane 
is  zero.     This  does  not  mean  necessarily  that  there  are  .just  as,' 
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many  particles  of  given  mass  on  one  side  of  the  plane  as  on  the 
other,  since  these  masses  may  be  at  widely  different  distances 
from  the  plane  on  the  two  sides,  but  it  does  mean  that  the 
moments  oi  these  masses  arc  equal  and  opposite. 

Thus,  for  instance,  if  we  assume  that  the  masses  of  the  vari- 
ous particles  are  all  equal,  it  means  that  two  particles  at  a  cer- 
tain distance  from  the  plane  on  one  side  will  have  a  moment 
which  is  equal  and  opposite  to  that  of  one  particle  at  twice 
this  distance  on  the  other.  Therefore,  in  order  that  the  moments 
of  unequal  masses  on  the  two  sides  of  the  plane  may  be  equal 
and  opposite,  the  masses  must  be  to  each  other  inversely  as  their 
distances  from  the  plane,  as  may  be  seen  in  Fig.  58.  Here,  if 
M  and  i¥'  represent  two 
different  masses  connected  /  \  0 
by  a  slender  rod,  and  if  0       (      M      )     ' 1  ^ 


is  the  center  of  mass,  the 

moment    of    the    mass    M  ^.^.,_  ^j^     ^^j^^  ^^^^^^  ^^  j^ass. 

about  0  is  eciual  and  op- 
posite  to    the   moment   of   the   mass  M'  about  the  same  point, 

that  is, 

31  X  MO  =  M'  X  M'O, 

and 

M'  "    MO' 

The  center  of  mass  is  thus  seen  to  divide  the  distance  between 
the  two  masses  inversely  proportional  to  the  masses. 

From  the  location  of  the  center  of  mass,  w^c  see  that,  if  the 
various  particles  of  a  body  were  acted  upon  by  parallel  forces, 
each  force  being  proportional  to  the  mass  of  the  particle  upon 
which  it  acted,  the  algebraic  sum  of  the  moments  of  these  forces 
with  respect  to  the  center  of  mass  would  be  zero.  In  this  case, 
the  resultant  of  this  system  of  forces,  which  would  then  be  their 
sum,  would  have  its  point  of  application  at  the  center  of  mass 
of  the  body. 

The  moon  does  not  revolve  about  the  earth  as  if  the  latter 


> 


V 
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were  fixed  in  space,  but  both  revolve  about  their  common  cen- 
ter of  mass,  this  being  a  point  nearly  3,000  miles  from  the  center 
of  the  earth.  If  a  stick  is  thrown  into  the  air,  although  it  may 
rotate  or  gyrate  apparently  in  an  irregular  manner,  its  center 
of  mass,  if  the  resistance  of  the  air  is  neglected,  will  neverthe- 
less describe  a  parabola  as  perfect  as  if  the  stick  consisted  of 
but  a  singe  particle  and  this  were  located  at  the  center  of  mass. 
If  a  shell  is  fired  from  a  cannon  and  bursts  in  the  air,  however 
widely  and  irregularly  the  pieces  may  fly,  the  center  of  mass  of 
these  fragments  will  continue  in  the  same  parabolic  path  in  the 
air  after  the  explosion  as  the  shell  itself  would  have  pursued 
had  the  explosion  not  taken  place. 

In  dealing  with  the  action  of  a  force  upon  an  extended  body, 
it  is  often  convenient  to  consider  a  body  as  a  single  point,  and 
to  regard  the  entire  mass  of  the  body  as  concentrated  at  its  cen- 
ter of  mass. 

92.  Conservation  of  Momentiun.  In  all  of  the  above  in- 
stances, a  force  from  within  the  system  of  bodies  itself  acts 
upon  the  various  parts  of  the  system,  thereby  imparting  to  them 
a  momentum.  This  force,  in  the  case  of  the  earth  and  the  moon, 
for  instance,  is  of  the  nature  of  a  tension  which  acts  upon  one 
as  strongly  as  upon  the  other ;  and  in  the  explosion  of  the  shell 
it  is  of  the  nature  of  a  pressure  which  acts  in  one  direction  upon 
one  fragment  just  as  strongly  as  it  acts  in  the  opposite  direction 
upon  another.  The  momentum  given  to  a  fragment  in  one  di- 
rection, therefore,  is  exactly  equal  to  that  communicated  to  an- 
other fragment  in  the  opposite  direction,  so  that  the  resultant 
momentum  imparted  to  all  the  fragments  of  the  shell  is  zero, 
and  the  center  of  mass  remains  undisturbed.  We  see,  there- 
fore, that  it  is  only  a  force  exterior  to  the  body  or  the  system 
of  bodies  that  can  produce  any  change  in  the  resultant  mo- 
mentum. 

These  examples  serve  to  illustrate  the  general  principle  that, 
when  the  parts  of  a  system  react  upon  one  another,  the  mo- 
mentum gained  by  one  part  is  exactly  counterbalanced  by  the 
momentum  lost  by  another.  In  other  words,  the  total  momen- 
tum of  a  system  can  be  neither  increased  nor  decreased  by  any 
interaction  between  its  parts.     This  doctrine  is  one  of  general 
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application  in  mechanics,  and  is  known  as  the  principle  of  the 
conservation  of  momentum. 

93.  Inertia.  Important  among  the  various  properties  of 
matter  in  claiming  our  attention  is  the  one  which  relates  to  the 
behavior  of  matter  of  all  kinds  when  compelled  by  a  force  to 
change  its  condition  of  rest  or  of  uniform  motion  in  a  straight 
line.  Because  we  observe  that  objects  in  motion  ultimately 
lose  their  motion  and  come  to  rest,  we  are  accustomed  to  think 
of  rest  as  the  natural  state  of  matter.  A  closer  examination, 
however,  into  the  conditions  existing  in  nature  leads  to  the  in- 
evitable belief  that  uniform  motion  in  a  straight  line  is  a  con- 
dition as  natural  to  matter  as  is  rest  itself.  Moreover,  if  mat- 
ter could  be  wholly  removed  from  the  action  of  outside  forces, 
it  would  continue  forever  in  the  state  of  rest  or  of  uniform  mo- 
tion in  a  straight  line  in  which  it  happened  to  be  at  the  instant 
when  it  was  freed  from  all  external  influences.  Matter,  there- 
fore, hasno  power  within  itself  of  changing  its  state  of  _rest  or 
of  uniform  motion  in  a  straight  line;  and  this  property  of  main- 
taining  unchanged  its  existing  condition  as  regards  motion,  is 
known  as  inertia . 

It  is  because  of  inertia  that  a  person  standing  in  a  car  is 
thrown  backward  when  the  car  starts,  and  forward  when  it 
stops.  It  is  also  because  of  inertia  that  a  person  running 
swiftly  finds  it  impossible  to  stop  at  a  certain  point,  but  is  car- 
ried past  that  point  before  he  can  bring  himself  to  rest.  It  is 
due  to  the  inertia  of  matter  that  danger  arises  from  a  collision 
on  the  railway.  The  train  with  its  contents  cannot  be  brought 
immediately  to  rest  when  the  engine  strikes  the  obstacle,  but 
continues  to  move  forward,  the  tendency  thus  to  continue  mov- 
ing being  greater  than  the  strength  of  the  materials  of  which 
the  cars  are  made;  and  so,  in  consequence  of  their  inertia,  the 
cars  are  crushed  and  flattened  against  the  obstacle  and  against 
one  another  before  they  can  be  brought  to  rest.  It  is  due  to 
inertia  that  the  dust  may  be  removed  from  a  carpet  by  beating. 
Under  the  influence  of  the  blow  the  carpet  moves  away  from 
the  dust,  while  the  latter  by  its  inertia  remains  at  rest  and  is 
blown  away  by  the  wind. 
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94.  Resistance   to   the  Action  of   a  Force   due   to  Inertia. 

These  and  many  other  illustrations  serve  to  show  that  when 
matter  is  compelled  by  a  force  to  change  its  state  of  motion, 
its  inertia  causes  it  to  offer  a  certain  opposition  to  that  change, 
and  this  opposition  acts  as  a  resistance  to  the  force.  It  is  to 
be  noticed  that  this  resistance  is  offered  only  to  a  change  of  mo- 
tion and  not  to  motion  itself,  and  therefore,  it  is  a  resistance 
that  is  offered,  not  to  a  velocity  but  to  an  acceleration. 

On  this  account  a  person  standing  upon  a  spring  balance 
in  an  elevator  will  apparently  weigh  more  as  the  elevator  starts 
to  ascend,  and  less  as  it  starts  to  descend.  In  the  first  instance, 
the  acceleration  of  gravity  acting  on  the  person  is  increased  by 
the  acceleration  of  the  elevator,  and  in  the  second  instance  it 
is  decreased  by  the  same  amount.  "When,  the  acceleration  has 
ceased,  however,  that  is,  while  the  elevator  is  moving  upward 
or  downward  with  constant  velocity,  the  person's  true  weight 
will  be  given  by  the  indication  of  the  balance. 

95.  Masses  Measured  by  their  Inertia.  This  resistance,  due 
to  inertia,  which  is  necessarily  present  w^hen  a  force  acts  upon 
a  body  to  change  its  motion,  is  always  equal  in  intensity  and 
opposite  in  direction  to  the  force  acting.  If  the  body  to  be 
moved  is  freed  from  all  obstacles  to  motion,  such  as  forces  act- 
ing in  the  opposite  direction,  friction,  resistance  of  the  air,  etc., 
so  that  a  force  acting  on  a  body  has  only  the  inertia  of  the 
body  to  over;?ome,  the  force  will  set  the  body  in  motion,  how- 
ever small  the  force  or  however  large  the  body.  ]\Ioreover,  if 
this  force  acts  with  constant  intensity,  the  motion  of  the  body 
will  be  uniformly  accelerated,  and  the  acceleration  imparted 
will  be  inversely  proportional  to  the  mass  of  the  body,  as  must 
follow  from  the  equation,   (p.  81), 

F  =  ma. 

In  other  words,  a  large  mass  has  a  great  inertia,  and,  therefore, 
for  a  given  force  the  acceleration  imparted  is  comparatively 
small;  whereas  a  small  mass  has  a  relatively  small  inertia,  and 
hence,  under  the  action  of  the  same  force  it  acquires  a  corres- 
pondingly  great   acceleration.     Masses,   therefore,   are   propor- 
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tional  to  their  inertia  and  may  be  measured  by  their  inertia. 

It  is  because  the  inertia  of  the  2-kilogram  mass,  Fig.  49,  is 
twice  as  great  as  that  of  the  1-kilogram  mass,  that  the  resist- 
ance of  the  former  to  the  action  of  the  spring  is  twice  as  great 
as  that  of  the  latter.  The  difficulty  of  changing  its  condition 
of  motion  being  twice  as  great  for  two  kilograms  as  for  one, 
the  velocity  which  the  two-fold  mass  acquires  in  a  given  time  is 
only  half  as  much  as  that  which  the  single  mass  attains  in  the 
same  time.  In  other  words,  the  acceleration  which  the  tension 
of  the  spring  gives  to  the  2-kilogram  mass  is  only  half  as  much 
as  it  imparts  to  the  1  kilogram  mass.  The  masses,  therefore, 
are  proportional  to  their  resistances  to  change  of  motion,  or 
to  their  inertia,  that  is,  they  are  inversely  proportional  to  the 
accelerations  which  a  given  force  will  impart. 

&6.     The  Influence  of  Time   upon   the   Effect   of   a   Force. 

When  the  motion  of  a  body  changes,  the  change  of  momentum, 
as  we  have  seen,  (p.  85),  is  equal  to  the  impulse  of  the  force 
that  produces  it,  that  is, 

F  t  =  mV  —  m  Fo- 

From  this  it  is  obvious  that  the  change  of  momentum,  depend- 
ing as  it  does  upon  the  product  Ft,  depends  quite  as  much  upon 
the  time  t  as  upon  the  force  F.  In  other  words,  a  change  of 
momentum  cannot  take  place  instantly,  for  it  requires  the  per- 
fectly finite  time  t  for  the  force  F  to  produce  the  given  change. 
Because  of  this,  inertia  may  he  defined  as  that  property  of  mat- 
ter in  virtue  of  icliicli  a  finite  time  is  required  for  matter  to 
change  its  velocity. 

Illustrations  of  this  principle  abound.  An  untrained  horse 
attached  to  a  heavy  wagon  will  dash  forward,  possibly  break- 
ing his  harness,  and  will  produce  at  most  only  a  jolt  in  the 
wagon,  the  inertia  of  the  latter  preventing  its  acquiring  in  so 
short  a  time  the  velocity  of  the  horse.  If  a  railway  train  at- 
tempts to  start  too  suddenly,  the  wheels  of  the  locomotive  turn 
uselessly  around  and  produce  but  little  motion  in  the  train, 
because  the  mass  of  the  train,  on  account  of  its  inertia,  requires 
a  much  longer  time  to  acquire  a  high  velocity  under  the  action 
of  the  given  force. 
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Even  though  the  intensity  of  the  force  may  be  relatively 
great,  if  this  force  acts  upon  a  body  for  an  exceedingly  short 
time,  the  t  in  the  above  expression  may  have  so  small  a  value 
that  the  product  Ft,  or  the  impulse  of  the  force,  is  necessarily 
very  small.  From  this  it  follov/s  that  the  velocity  imparted 
to  the  body  is  correspondingly  small,  and,  indeed,  in  many  in- 
stances is  so  minute  that  the  body  is  not  observed  to  move  at  all. 

97.  Illustrations  of  Inertia.  Let  us  consider,  for  example,  a 
heavy  ball.  Fig.  59,  suspended  by  a  string  just  strong  enough 
to  hold  it,  while  a  piece  of  the  same  string  is 
attached  to  the  ball  below.  A  steady  pull  upon 
the  lower  string  will  break  the  string  above  the 
ball,  while  a  sudden  jerk  will  cause  it  to  break  be- 
low the  ball,  the  resistance  of  the  particles  of  the 
ball  to  so  great  an  acceleration  in  the  latter  case 
being  greater  than  the  strength  of  the  string. 

In  this  way  a  candle  may  be  shot  through  a 
board,  or  a  cannon  ball  may  be  fired  through  a 
door  standing  ajar  without  perceptibly  moving 
the  door.  Here  the  impact  of  the  candle 
against  the  board  or  of  the  cannon  ball  against 
the  door  is  of  so  short  duration  that  the  force 
of  cohesion  of  the  wood  is  much  smaller  than 
^'ertfa^o?a^ead  ^^  *^^^  ^^^^^  ^hat  would  be  required  iii  the  same 
'^^"-  short  time  to  give  the  board  or  the  door  the  ve- 

locity of  the  ball,  and  so  the  wood  breaks  and  gives  way  before 
the  board  or  the  door  as  a  whole  acquires  an  appreciable  velocity. 
In  a  similar  way,  a  lead  bullet  when  fired  from  a  gun  is  crushed 
upon  itself  as  it  begins  to  move,  and  thus  fits  into  the  rifling  of 
the  gun.  The  flight  of  a  bird  depends  upon  the  inertia  of  the 
air.  The  stroke  of  the  wing,  if  it  were  made  slowly,  would 
cause  the  air  immediately  underneath  to  move.  The  stroke, 
however,  is  of  a  duration  so  short  that  in  this  small  interval  of 
time  the  air  acquires  very  little  velocity  indeed,  and  hence  the 
bird  is  supported  upon  the  air,  which  is  quite  rigid  under  the 
almost  instantaneous  blow. 

A  most  remarkable   illustration  of   the   inertia  of   the    air  \s 
exhibited  in  tests  of  gun-cotton  made  in  the  United  States  Navy. 
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This  material  is  produced  in  the  form  of  compressed  cylindri- 
cal cakes,  Fig.  60,  in  which  the  letters  U.  S.  N.,  and  the  date  are 
stamped  to  a  depth  of  two  or  three  millimeters.  A  hole  is  likewise 
left  in  the  center  in  which  the  detonator  is  to  be  placed.  When  this 
cake  of  gun  cotton  is  laid  face  downward  upon  a  flat  iron 
block  and  exploded,  the  upper  surface  of  the  block  is  hollowed 
out,  Fig.  61,  a  deep  hole  is  forced  in  the  center,  and  the  letters  and 


Fig.  CO.     Gun-cotton  used  in  Fig.  61.     During     the     explo- 

the  U.  S.  Navy.  gjon     of     guu-cottou,     the 

air  in  the  letters  is  driven 
by  its  inertia  into  the 
block  of  iron  upon  which 
the  explosive  is  placed. 

the  date  in  reverse  are  found  to  be  deeply  stamped  in  the  iron. 
Here  the  duration  of  the  explosion  is  so  short,  and  the  par- 
ticles of  air  in  the  letters  and  in  the  central  hole  are  given  so 
high  a  velocity  that  a  far  greater  force  Avould  be  required  in 
this  exceedingly  short  time  to  cheek  the  velocity  of  these  air 
particles  than  is  required  to  tear  apart  the  molecules  of  the 
iron.  Accordingly,  the  iron  yields,  and  the  particles  of  air 
are  literally  projected  into  the  metal,  the  air,  under  the  velocity 
with  which  it  is  movin,?,  being  actually  harder  than  the  iron. 

It  is  a  curious  fact  that  so  frail  an  object  as  the  leaf  of  a  tree 
placed  between  the  gun-cotton  and  the  iron  will  partly  shield 
the  latter  from  the  violence  of  the  explosion,  and  a  raised  im- 
pression of  the  leaf  is  left  upon  the  surface  of  the  iron.  In  this 
case,  the  leaf,  because  of  its  inertia,  cannot  acquire  in  so  short 
a  time  a  velocity  as  great  as  that  of  the  gases  due  to  the  ex- 
plosion.    AVhile,   therefore,   tlie   entire  surface   of  the   iron   is 
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rendered  concave,  the  parts  immediately  beneath  the  leaf  are 
less  deeply  impressed  than  are  the  adjacent  portions;  and  so 
the  iron  retains  an  impression  of  the  leaf,  not  stamped  into  the 
metal,  but  raised  in  relief  from  its  surface,  every  vein  and 
every  detail  showing  as  clearly  as  in  the  original  leaf. 


Fig.  62.     A  leaf,   by  its  inertia,  partially  shields  a  block  of 
iron  from  the  explcsion  of  gun-cotton. 

98.  Force  Developed  by  Inertia — The  So-called  Force  of 
Inertia.  The  converse  of  this  principle  is  likewise  true.  Just 
as  a  force  must  act  upon  a  body  for  a  finite  time  to  impart  mo- 
tion to  the  body,  so  also  must  a  force  act  for  a  finite  time  and, 
through  a  definite  distance  in  order  to  stop  a  body  when  in 
motion.  Even  a  small  force,  accordingly,  if  allowed  to  act  for 
a  sufficiently  long  time,  will  effectively  bring  a  moving  body  to 
rest.  On  the  other  hand,  if  the  motion  of  the  body  is  suddenly 
arrested,  the  inertia  of  the  body  will  offer  a  resistance  to  this 
sudden  change  of  velocity,  find  this  will  operate  as  a  force,  or  a 
blow,  delivered  by  the  moving  body  upon  the  opposing  obstacle. 
It  follows  that  the  more  quickly  a  body  is  stopped,  the  greater 


NEWTON  'S  LAWS  OF  MOTION.  105 

will  be  the  force  so  developed.     Upon  this  principle  depends  the 
action  of  the  hammer,  the  pile  driver,  etc. 

99.  Nev^rton's  Laws  of  Motion.  All  the  knowledge  the  world 
possesses  regarding  motion  and  the  action  of  force  in  produc- 
ing or  changing  motion  is  contained  in  the  statements  enunci- 
ated by  Newton  more  than  two  centuries  ago,  known  as  the  laws 
of  motion.  These  laws  were  then  announced  with  such  clear- 
ness and  with  so  remarkable  a  comprehension  of  the  conditions 
existing  in  motion,  that  we  use  them  today  practically  as  they 
were  given.  As  to  a  proof  of  these  laws,  it  may  be  remarked 
that  they  are  so  because  it  is  observed  that  all  motions  take  place 
in  strict  accordance  with  them.  We  have,  then,  no  direct  proof 
that  they  are  true,  except  as  we  perceive  that  every  motion  obeys 
these  laws,  and,  therefore,  every  existing  motion  may  be  said  to 
be  a  proof.  These  laws  are  thus  a  summing  up  of  the  results  of 
experience  and  observation,  and  represent  the  conditions  that  ob- 
tain throughout  the  universe  as  regards  motion  and  the  action  of 
a  force  in  producing  or  changing  motion. 

While  it  is  true  that  Newton  announced  these  laws  and  that 
they  are  called  by  his  name,  the  real  credit  for  their  discovery 
belongs  not  to  Newton  but  to  Galileo,  who  was  the  first  to  un- 
derstand the  true  nature  of  motion.  In  all  of  his  teaching  as 
well  as  his  writfng,  Galileo  applied  these  laws  to  the  movement 
of  bodies,  and  thus  he  may  be  said  to  be,  indeed,  the  founder 
of  the  science  of  mechanics. 

These  laws  are  three  in  number,  and  are  as  follows: 

1.  Every  body  continues  in  its  state  of  rest  or  of  uniform 
motion  in  a  straight  line,  unless  it  is  compelled  by  a  force  to 
change  that  state. 

2.  Change  of  momentum  is  equal  to  the  impulse  of  the  force 
that  produces  it,  and  takes  place  in  the  direction  of  the  force. 

3.  To  every  action  there  is  an  equal  and  contrary  reaction, 
or  the  mutual  actions  of  two  bodies  are  always  equal  and  op- 
posite. 

100.  The  First  Law  of  Motion.  The  first  of  these  laws  is 
known    as   the   law  of  inertia,   and   expresses   simply   what   is 
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meant  by  inertia.  It  is  evident  that  a  body  at  rest  will  remain 
at  rest  until  a  force  outside  itself  sets  it  in  motion.  It  is,  how- 
ever, not  so  apparent  that  a  body  in  motion  will  continue  to 
move  with  uniform  motion  in  a  straight  line  until  it  is  stopped 
by  a  force,  since  it  is  impossible  upon  the  earth  to  free  a  body 
entirely  from  the  action  of  forces  that  ultimately  bring  it  to 
rest.  The  more  completely,  however,  these  opposing  forces 
are  eliminated,  the  more  nearly  does  the  motion  of  the  body 
approach  the  state  of  uniform  motion  when  no  force  acts,  as 
described  by  Newton.  Thus  a  stone  thrown  along  a  road  is 
soon  brought  to  rest  by  friction  and  by  collisions  with  various 
objects.  The  same  stone  will  travel  much  farther  if  projected 
along  the  surface  of  smooth  ice,  and  will  then  only  slowly 
change  its  motion  as  it  is  gradually  brought  to  rest  by  the  very 
slight  friction  between  the  ice  and  itself.  We  can  see,  there- 
fore, that  if  the  ice  were  perfectly  smooth,  that  is,  offering  no 
friction  whatever,  and  if  no  other  forces  opposed  its  motion, 
the  body  would  then  move  forward  forever  with  uniform  mo- 
tion in  a  straight  line. 

The  existence  of  motion,  therefore,  does  not  necessarily  im- 
ply the  present  action  of  a  force,  because  uniform  motion  in  a 
straight  line  is  possible  only  when  no  force  whatever  acts.  If 
a  body  moves  with  uniform  motion  in  a  straight  Hue  without 
the  action  of  any  force,  it  is  evident  that  at  some  previous  time 
a  force  has  acted  to  impart  this  motion,  and  has  then  ceased  to 
act.  The  body,  therefore,  because  of  its  inertia,  continues  to 
move  with  uniform  motion  in  a  straight  line  with  whatever  ve- 
locity and  in  whatever  direction  it  was  moving  at  the  instant 
when  the  action  of  the  force  ceased. 

101.  The  Second  Lav7  of  Motion.  As  regards  the  second  law 
of  motion,  it  would  seem  that  this  law  is  derived  from  the  equa- 
tion for  force  given  above  (p.  101),  since  it  is  a  statement  in 
words  of  just  what  this  equation  expresses.  It  must  be  remem- 
bered, however,  that  this  equation,  together  with  all  that  has 
been  said,  and,  indeed,  all  that  we  know  about  the  action  of  a 
force  in  producing  motion,  is  a  summation  derived  from  experi- 
ence. Before  the  time  of  Galileo,  it  was  thought  that  one  force 
could  operate  only  after  the  action  of  a  previous  force  had  alto- 
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getlier  ceased,  and  so  it  was  imagined,  for  instance,  that  a  bullet 
fired  from  a  gun  could  fall  to  the  ground  only  after  the  ''on- 
ward" force  of  the  bullet,  as  it  was  called,  was  completely  ex- 
hausted. Galileo  saw,  however,  what  is  now  universally  known 
to  be  true,  that  the  effect  of  a  force  upon  a  body  is  independent 
of  the  previous  history  of  that  body  as  regards  its  motion.  A 
generation,  then,  before  the  time  of  Newton,  he  expressed  this 
fact;  and,  indeed,  a  part  of  the  truth  contained  in  the  second 
law  of  motion  is  found  in  the  statement,  known  today  as  Gal- 
ileo's Principle,  namely:  Every  force  produces  its  own  effect 
whether  it  acts  alone  or  in  composition  with  other  forces.  It 
was  in  accordance  with  this  principle  that  Galileo  conceived 
the  possibility  of  combining  several  forces  into  one  resultant; 
and  it  was  he  who  first  applied  the  principle  of  the  composition 
of  forces  to  the  true  explanation  of  the  motion  of  a  body  under 
the  combined  action  of  several  forces. 

102.  The  Third  Law  of  Motion.  Tlie  third  law  of  motion 
expresses  the  fact  that  under  no  conditions  can  a  force  exist 
singly,  but  that  a  force  is  invariably  only  one  of  a  pair  of  forces 
that  always  exist  together,  and  are  always  exactly  equal  and 
opposite.  Instead,  therefore,  of  a  single  force  acting  to  pro- 
duce motion,  we  must  henceforth  recognize  the  fact  that  there 
are  always  two  forces  to  be  considered,  one  exerted  by  the  first 
body  upon  the  second,  while  the  other  is  exerted  by  the  second 
body  upon  the  first.  It  is  this  second  force,  or  this  other  one 
of  the  pair  of  forces,  that  is  meant  by  the  word  "reaction"  in 
the  law  given  above. 

103.  Discussion  of  the  Third  Law  of  Motion.  A  body  lying 
on  the  table  exerts  a  downward  force  upon  the  table  equal  to 
the  weight  of  the  body.  It  is  just  as  true,  however,  that  the 
table  exerts  an  equal  upward  force  upon  the  body,  so  that  the 
body  is  in  complete  equilibrium  under  the  action  of  two  abso- 
lutely equal  and  opposite  forces. 

A  horse  drawing  a  canal  boat  is  pulled  backward  by  the  boat 
precisely  as  much  as  the  boat  is  pulled  forward  by  the  horse. 
In  other  words,  the  "action"  of  the  horse  is  exactly  equalled" 
by  the  "reaction"  of  the  boat,  and  this  action,  together  witb 
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the  reaction,  constitutes  the  tension  in  the  rope  between  them. 
The  horse  and  the  boat  are  thus  under  the  action  of  strictly 
equal  and  opposite  forces,  and  are  completely  in  equilibrium 
as  regards  each  other,  because  neither  moves  with  respect  to 
the  other.  It  may  be  thought  that  the  horse  must  pull  forward 
just  a  little  harder  than  the  boat  pulls  backward,  inasmuch  the 
horse  sets  the  boat  in  motion.  This,  however,  is  an  error,  since 
if  it  were  true,  the  horse  would  then  have  a  motion  relative  to 
the  boat,  that  is,  he  would  increase  the  distance  between  the 
boat  and  himself.  The  explanation  lies  in  the  fact  that  the 
horse,  the  rope,  and  the  boat  must  be  regarded  as  one  system, 
and  that  a  force  is  exerted  by  the  horse's  feet  not  against  the 
rope  or  the  boat,  but  against  the  earth,  moving  the  latter  back- 
ward; and  it  is  a  component  of  the  reaction  of  the  earth  against 
the  horse's  feet  that  pushes  the  system  forward. 

A  sky-rocket  ascends  because  of  the  action  of  a  force  which 
is  simply  the  reaction  of  another  force.  According  to  its  size, 
the  rocket  contains  a  quantity  of  powder  varying  in  mass 
from  a  few  grams  to  one  or  two  kilograms,  all  of  which,  in  the 
gaseous  condition,  is  driven  forth  with  great  velocity.  'The 
burning  powder  exerts  a  pressure  which  expells  the  gases  thus 
formed,  that  is,  it  imparts  an  enormous  acceleration  to  a  quan- 
tity of  matter  equal  to  that  of  the  unburned  powder,  and  in  so 
doing  it  exerts  a  force  which  may  be  many  times  greater  than 
the  weight  of  the  rocket  This  force,  however,  acting  down- 
ward and  accelerating  the  gases,  is  but  one  of  the  pair  of  equal 
and  opposite  forces  which  are  always  present,  the  other  being 
a  force,  which  is  likewise  greater  than  the  weight  of  the  rocket, 
acting  upward.  It  follows,  therefore,  that,  because  the  rocket 
is  acted  upon  by  a  force  greater  than  its  own  weight  and  in  the 
npward  direction,  it  rises,  and  continues  to  rise  until  this  up- 
ward force  ceases  to  act;  that  is,  until  the  powder  is  burned, 
and  the  force  required  to  accelerate  the  burned  gases,  to  which 
the  upward  force  is  equal  and  opposite,  no  longer  exists. 

"When  the  powder  explodes  in  a  gun,  a  force  is  developed  be- 
tween the  bullet  and  the  gun ;  and  the  force  that  acts  upon  the 
bullet  moving  it  forward  is  only  one  of  the  two  forces  present, 
the  other  being  the  force  acting  upon  the  gun,  moving  it  back- 
ward.    This  latter  force,  moreover,  is  just  as  great  as  the  for- 
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mer,  and  imparts  just  as  great  a  momentum  to  the  gun  as  the 
former  force  imparts  to  the  bullet.  The  recoil  of  the  gun, 
therefore,  is  just  as  necessary  as  is  the  motion  of  the  bullet; 
and  since  the  momentum  of  the  gun  backward  is  exactly  equal 
to  the  momentum  of  the  bullet  forward,  the  velocity  of  the 
gun  is  as  much  less  than  the  velocity  of  the  bullet  as  the  mass 
of  the  gun  is  greater  than  the  mass  of  the  bullet. 

The  equality  of  the  momentum  of  the  giui  backward  and  of 
the  bullet  forward  is  another  illustration  of  the  principle  of 
the  conservation  of  momentum  (p.  98)  ;  for  here  the  resultant 
momentum  is  zero,  as  must  be  the  case  when  the  members  of  a 
system  produce  motion  by  any  interaction  between  their  parts. 

104.  The  Centripetal  Force.  When  a  body  moves  uniformly 
in  the  circumference  of  a  circle,  we  have  seen,  (p.  51),  that  it 
is  moving  at  any  point  of  its  path  in  the  direction  of  the  tan- 
gent at  that  point.  That  is,  for  an  exceedingly  short  time  the 
motion  of  the  body  in  the  are  of  the  circle  coincides  with  the 
direction  of  the  tangent ;  and,  as  the  body  is  moving  with  con- 
stant speed  in  the  circle,  it  moves  for  an  instant  with  uniform 
motion  in  a  straight  line,  according  to  Newton's  first  law.  At 
the  next  instant,  however,  the  body  has  changed  its  direction 
of  motion,  and  moves  in  the  direction  of  the  tangent  at  a  suc- 
ceeding point.  From  the  fact  that  the  body  is  not  moving 
continuously  with  uniform  motion  in  a  straight  line,  as  would 
be  the  case  if  no  force  acted,  it  is  evident  that  a  force  is  operat- 
ing upon  the  body  to  change  its  direction  of  motion.  INIoreover, 
the  change  in  the  direction  of  motion  is  away  from  the 
tangent  and  towards  the  center  of  the  circle;  and  hence,  by 
Newton's  second  law,  the  force  that  produces  this  change  must 
likewise  act  towards  the  ceivter.  Furthermore,  since  the  curva- 
ture of  the  circle  is  uniform,  this  change  is  constant  in  amount 
in  equal  succeeding  intervals  of  time,  and  hence  the  force  that 
acts  continuously  to  deviate  the  body  from  the  direction  of  the 
tangent  is  likewise  constant. 

The  intensity  of  this  force  is  obtained  at  once  from  a  consid- 
eration of  the  acceleration  towards  the  center,  which  we  have 
already  determined  (p.  54).  "We  have  seen  that,  when  a  body 
moves  uniformly  in  the  circumference  of  a  circle,  there  is  a  con- 
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stant  acceleration,  a,  acting  towards  the  center,  where 


Since  acceleration  is  one  of  the  factors  that  enter  into  th':^  equa- 
tion of  force,  mass  being  the  other,  it  follows  that  we  shall  de- 
rive the  expression  for  the  intensity  F  of  this  force  if  we  mul- 
tiply both  sides  of  the  equation  by  the  mass  m  of  the  moving 
body.     Accordingly, 

,,      m  V' 

m  a^  V  = . 

r 

From  this  it  is  seen  that,  when  a  body  of  mass  m  moves  uni- 
formly in  the  circumference  of  a  circle,  there  is  a  constant 
force  F ,  acting  towards  the  center  and  continually  changing  the 
direction  of  the  velocity,  where 


-r^  _    m  V 


It  is  to  be  observed  that  this  force,  which  is  called  the  cen- 
tri'petal  force,  is  always  directed  towards  the  center  of  the 
-circle,  and  therefore  it  always  acts  at  right  angles  to  the  direc- 
tion of  motion.  No  component  of  this  force  acts  in  the  direc- 
tion in  which  the  body  is  moving,  and  so  the  motion  of  the 
body  along  its  path  is  neither  increased  nor  diminished  by  the 
action  of  this  force.  Accordingly,  the  entire  action  of  the  cen- 
tripetal force  is  expended  against  the  inertia  of  the  body  in 
changing  its  direction  of  motion,  and  causing  it  continually  to 
move  towards  the  center  away  from  the  tangent  in  which  it  tends 
to  move  by  Newton's  first  law. 

105.  The  Centrifugal  Force.  The  application  of  the  third 
law  of  motion,  however,  shows  that  this  centripetal  force  is  but 
one  of  a  pair  of  exactly  equal  and  opposite  forces;  the  other, 
called  the  centrifugal  force,  being  found  in  the  resistance,  or 
reaction,  of  the  body  to  the  action  of  the  centripetal  force.  The 
centripetal  force  is  a  force  that  emanates  from  the  center  and 
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acts  upon  the  body,  drawing  it  towards  the  center.  The  cen- 
trifugal force,  therefore,  is  a  force  that  emanates  from  the  body 
and  acts  upon  the  center,  as  if  it  would  draw  the  center  towards 
the  body.  This  reaction  to  the  centripetal  force,  or  the  cen- 
trifugal force,  is  due  solely  to  the  inertia  of  the  body,  that  is, 
to  the  resistance  which  the  body  offers  to  the  change  of  motion 
produced  by  the  centripetal  force.  The  centrifugal  force, 
therefore,  is  a  true  force,  although  it  has  existence  only  as  the 
reaction  of  the  centripetal  force,  and  is  to  be  sought,  not  in 
the  action  of  the  center  upon  the  body,  but  in  the  action  of 
the  body  upon  the  center.  This  centrifugal  force  (fleeing  from 
the  center)  is  wrongly  named,  for  it  is  not  a  force  that  at- 
tempts to  carry  the  body  away  from  the  center,  but  is  the  re- 
sistance which  the  body  offers  to  being  moved  nearer  to  the 
center  away  from  the  straight  line  in  which  it  tends  to  move. 

The  centrifugal  force  is  always  exactly 
equal  and  opposite  to  the  centripetal  force. 
Fig.  63,  and  the  twx)  together  constitute  the 
tension  ill  the  medium  that  connects  the 
body  with  the  center.     This  medium  may 
be  very  apparent,   such  as  the   string  by 
which  a  body  is  whirled  about  the  hand ;  or 
it  may  be  more  intangible,  though  just  as 
truly    having    existence,    as,    for    instance, 
^'^'  forcJ  is  '^equai  Tifd    the  force  of  gravitation,  which  constantly 
tripe^aL  °    ^^  ^^°'     draws  the  earth    towards    the    sun,    thus 
causing  the  earth  to  move  in  its  orbit  in- 
stead of  passing  off  in  a  straight  line  into  space.     The  centrifu- 
gal force  can  never  cause  a  body  to  move  away  from  the  center, 
T3eeause  as  soon  as  the  centripetal  force  disappears  (the  string 
breaks,  etc.),  the  reaction  to  this  force,  or  the  centrifugal  force, 
likewise  disappears,  and  the  body  then  remains  in  motion  in  the 
direction  of  the  tangent  without  the  action  of  any  force. 

Familiar  illustrations  of  the  action  of  the  centrifugal  force 
abound.  The  water  flies  off  from  the  periphery  of  the  grind- 
stone when  the  centripetal  force,  and  therefore,  also  the  cen- 
trifugal force,  is  greater  than  the  force  of  cohesion  of  the  water. 
The  water,  moreover,  is  observed  to  leave  the  grindstone,  not 
in  the  direction  of  the  radius,    that  is,    away  from  the    center, 
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but  in  the  direction  of  the  tangent  in  which  it  moves  as  soon  as 
freed  from  the  action  of  the  centripetal  force.  A  body  may  be 
whirled  about  the  hand  by  a  string  so  long  as  the  force  (the 
centripetal  force)  required  to  draw  the  body  from  the  direction 
of  the  tangent  is  not  greater  than  the  strength  of  the  string. 
"When  the  centripetal  force  becomes  greater  than  this  amount, 
the  string  breaks,  the  centrifugal  and  centripetal  forces  vanish 
together,  and  the  body,  by  its  inertia,  moves  in  the  direction 
of  the  tangent  at  Avha.tever  point  it  happens  to  be  at  that  time. 
A  vessel  of  water  may  likewise  be  whirled  in  a  vertical  circle 
without  spilling  when  the  centripetal  force  is  greater  than  the 
weight  of  the  water.  In  this  case,  the  centrifugal  force  is 
also  greater  than  the  weight  of  the  water,  that  is,  the  resistance 
offered  by  the  water  to  the  change  of  direction  of  its  motion  is 
greater  than  its  own  weight.  The  earth  is  not  spherical,  but  is 
in  the  form  of  an  oblate  spheroid,  due  to  the  fact  that  as  it 
revolves  upon  its  axis  the  portions  near  -the  equator  have  a 
higher  velocity,  and  consequently  a  greater  centripetal  force, 
than  those  near  the  poles.  The  reaction  of  this  force  is  also 
greater,  and  accordingly,  when  the  earth  was  plastic,  the  more 
effective  resistance  at  the  equator  to  motion  in  a  circle  caused 
the  equatorial  diameter  to  exceed  the  polar 
by  about  twenty-six  miles.  If  a  spherical 
vessel  containing  water  and  mercury  is 
made  to  revolve  rapidly  upon  the  whirling 
table,  Fig.  64,  the  liquids  will  be  seen  to 
form  a  band  about  the  center,  the  mer- 
cuiy  being  nearer  the  glass,  that  is,  farther 
from  the  center  than  the  water.  This  fol- 
lows at  once  from  the  fact  that  the  mass 

Fig.  64.   The    action    of  .  i  i     j.      r;  ii 

the  centrifugal  force     of  the  mercury  is  greater  than  that  or  the 

upon  water  and  mer-  "  •  i         i 

cury.  water,  and  hence  the  reaction  to  the  change 

of  the  direction  of  motion  is  great- 
er for  mercury  than  for  water.  A  chain  which  has  been 
set  in  rapid  rotation  by  being  mounted  upon  a  vertical  wheel, 
will,  if  slipped  off,  roll  along  the  table  like  a  hoop,  each  link  en- 
deavoring by  Newton 's  first  law  to  continue  moving  in  a  straight 
line,  and  offering  a  resistance  to  departure  therefrom  which 
makes  the  chain  quite  rigid. 
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Practical  applications  of  this  tendency  are  found  in  the  cen- 
trifugal separator  in  dairies  and  in  the  centrifugal  drier  in 
laundries.  For  many  years,  also,  this  principle  has  been  em- 
ployed in  the  construction  of  the  centrifugal  governor  for  the 
automatic  regulation  of  steam  engines.  This  device  consists  of 
two  heavy  balls  suspended  by  rods  so  hinged  at  the  top  of  a 
vertical  rotating  shaft  that  they  are  compelled  to  rotate  with 
the  shaft  as  the  latter  turns.  When  the  system  is  at  rest,  the 
balls  assume  the  lowest  possible  position;  but  when  rotation 
takes  place,  they  offer  by  their  inertia  great  opposition  to 
motion  in  a  circle,  and  this  tendency  to  motion  in  ai,  straight 
line  increases  with  the  velocity  of  rotation.  As  the  motion  be- 
comes greater,  accordingly,  the  balls  swing  out  from  the  axis, 
and  move  in  larger  and  larger  circles.  A  sliding  collar  on  the 
rotating  shaft  is  connected  with  the  balls  and  also  with  the 
valve  admitting  steam  to  the  'engine,  so  that  the  steam  may  be 
shut  off  when  the  balls  fly  out  at  too  great  an  angle,  that  is, 
when  the  engine  is  running  too  fast. 

106.  Elasticity.  In  the  previous  treatment  of  the  action  of 
a  force  upon  a  body,  it  has  been  assumed  that  the  molecules  of 
the  body  are  relatively  fixed  in  position,  and  therefore  do  not 
move  among  themselves.  These  molecules  are  believed  to  be 
particles  that  are  not  in  contact,  but  separated  from  one  an- 
other by  spaces,  or  pores,  the  latter  being  relatively  very  large 
as  compared  with  the  size  of  the  particles  themselves.  Because 
of  the  cohesion  of  matter,  it  is  seen  that  molecular  forces  must 
act  across  these  inter-molecular  spaces,  holding  the  molecules  in 
their  relatively  fixed  positions.  It  is  found  possible,  however, 
by  the  application  of  an  external  force,  to  crowd  these  particles 
a  little  more  closely  together,  or  to  pull  them  a  little  farther 
apart.  "When  the  positions  of  these  particles  are  disturbed,  it 
is  also  found  that  forces  come  into  play  tending  to  restore  them 
to  their  original  positions  with  reference  to  one  another.  If 
the  molecules  have  their  relative  positions  changed  through  the 
action  of  an  external  force  the  body  is  said  to  be  deformed,  or 
distorted. 

That  property  of  matter,  in  virtue  of  which  a  body  tends  to 
regain  its  original  shape  and  size  after  it  has  been  deformed  by 
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a  force,  is  known  as  elasticity.  The  force  exerted  by  the  mole- 
cules after  deformation,  tending  to  restore  the  body  to  its  for- 
mer condition,  is  called  the  force  of  restitution;  and  in  bodies 
that  are  perfecMy  elastic,  this  force  is  exactly  equal  to  the  force 
applied  to  the  body  to  deform  it.  For  every  body  there  is  a 
limit,  beyond  which  it  is  impossible  to  carry  the  distortion  with- 
out occasioning  a  permanent  set ;  and  after  this  limit  has  been 
exceeded,  the  particles  refuse  to  return  to  their  original  posi- 
tions. This  limit,  although  varying  for  different  substances, 
is  perfectly  definite  for  each  material,  and  is  known  as  the  elas- 
tic limit.  The  ability  of  a  substance  to  be  distorted  through 
very  wide  ranges  without  exceeding  the  clastic  limit  is  known 
as  elastic  toughness.  This  property,  however,  is  not  to  be 
confounded  with  elasticity,  for  the  degree  of  elasticity  indi- 
cates the  completeness  with  which  the  particles  return  to  their 
original  positions  after  distortion  has  taken  placc^  Thus,  rub- 
ber has  greater  ^elastic  toughness  than  steel,  though  steel  is 
more  nearly  perfectly  elastic  than  rubber. 

There  are  several  ways  in  which  a  body  may  undergo  defor- 
mation, to  each  of  which  there  belongs  a  separate  kind  of  elas- 
ticity. Thus,  there  is  elasticity  of  form,  elasticity  of  volume, 
elasticity  of  bending,  elasticity  of  extension  and  compression, 
elasticity  of  torsion,  or  twisting. 

It  is  found  by  experiment  that  when  forces 
act  upon  a  body  to  stretch  it,  the  elongations 
iwoduced  are  proportional  to  tJie  forces  applied, 
this  relation  being  known  as  Hooke's  law.  In- 
vestigation shows  that  the  amount  I  that  a  wire 
stretches.  Fig.  65,  is  proportional  to  the  length 
L  of  the  wire,  and  to  the  applied  force  F,  and  is 
inversely  proportional  to  the  cross-section  Q  of 
the  wire.  The  amount  of  elongation  is  also  pro- 
portional to  a  constant  1%  where  Jc  depends  upon 
the  material  of  which  the  wire  is  made,  and  may 
be  called  the  "ability   to   stretch."     Therefore, 
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65.  Elasticity 
stretching — 
Hooke"s  law. 
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from  which 


I   _  ^^ 

k    ~    IQ' 

The  quantity  -r  ,which  is  always  denoted  by  the  letter  E,  is 
called  the  modulus  of  elasticity;  and  accordingly, 


E 


IQ' 


If  the  wire  is  of  unit  length  {L  =  1),  and  of  unit  cross-section 
(Q  =  l),.and  if  the  elongation  is  unity  (1  =  1),  then  the  modu- 
lus of  elasticity  E  will  be  equal 
to    the    applied    force    F.     The    c^^^^^^^^..^. 
modulus  of  elasticity,  therefore,  ^******====iL_ 

or    Young's    modulus,    as    it   is      •  j 

sometimes    called,    is    the  force  | 

that  will  stretch  a  wire  of  unit  ^ 

,.  .        ,      •  •,  .  ^'^'■-  *''J-  ^lodulus  of  elasticity  bv  bend- 

cross-section   to    twice   its    orig-  ing.  '    ' 

_inal  length. 

One  other  kind  of  elasticity  may  be  considered,  namely,  that 
of  bending,  or  flexure,  and  from  this  Young's  modulus  may 
likewise  be  obtained.  If  the  body  is  in  the  form  of  a  bar,  Fig. 
66,  and  rests  upon  two  supports,  one  at  each  end,  and  if  the 
force  acts  at  the  center  tending  to  bend  the  body,  then 


E        1  ''^^' 


4  lb  /i 

where  F  is  the  force  applied,  L  the  length  of  the  bar  between 
the  supports,  I  the  amount  of  bending  at  the  center,  h  the 
breadth,  or  width,  of  the  bar,  and  h  the  height,  or  thickness,  of 
the  bar.  The  derivation  of  this  expression  is  too  difficult  to  be 
given  here. 
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CHAPTER  VIII. 


WORK  AND  ENERGY. 


107.  Work.  When  a  force  acts  upon  a  body  either  to  pro- 
duce motion  or  to  change  the  magnitude  of  the  existing  mo- 
tion, the  force  is  said  to  do  work.  In  other  words,  if,  during 
the  continuous  action  of  a  force,  the  body  movgs  in  the  direc- 
tion of  the  force,  or  in  the  direction  of  a  component  of  the 
force,  work  is  performed.  Accordingly,  work  is  that  which  is 
accomplished  by  a  force  that  causes  the  body  upon  which  it  is 
directed  to  move ;  and  the  amount  of  work  performed  is  pro- 
portional to  the  intensity  F  of  the  force  and  to  the  distance,  or 
length  I,  through  which  the  body  moves  while  the  force  acts. 
If  the  force  makes  an  angle  a  with  the  direction  in  which  the 
motion  takes  place.     Fig.  67,  it   is   only   the   component  of  the 

force  which  lies 
1  f  ~^P^  in  the  direction 

of  motion,  or  F 
cos  a,  that  is 
effective  in  per- 
forming work, 
and  in  this  case 


''/////^/////////////////A 


Fig.  67.     A  component  of  the  force  is  effective  in  doing 
work. 


•Tcosoc 


"Work  :  F  I  cos  a. 


If,  however,  the  di- 
rection of  the  force 
coincides  with  the 
direction  of  mo-  ^ 
tion,  Fig.  68,  the 
angle  between  the 
two    is    zero,    and 


Fig.  G8.   The  total  force  performing  work. 


Work   :  F  I, 


or 


THE  UNIT   OF   WORK.  117 

Work  =  kFl. 

108.  The  unit  of  Work,  The  Erg-.  From  the  last  expression 
it  is  possible  to  derive  a  unit  in  terms  of  which  work  may  be 
measured;  and  if  the  quantities  which  specify  this  unit  are  ex- 
pressed by  absolute  units  only,  the  unit  of  work  will  likewise 
be  an  absolute  unit.  Accordingly,  if  we  agree  to  call  the  work 
unity  when  the  force  and  the  distance  are  equal  to  unity,  then 

k  =  1, 

and  the  above  expression  becomes 

Work  =  F  I. 

In  thus  giving  to  k  the  value  of  unity  in  the  expression  for 
work,  we  have  thereby  defined  the  absolute  unit  of  work  to  be 
the  work  which  is  accomplished  when  one  absolute  unit  of  force 
acts  through  one  absolute  unit  of  distance ;  and  if  we  choose  as 
our  absolute  units  those  of  the  C.  G.  S.  system,  in  which  the 
absolute  unit  of  force  is  the  dyne  and  the  absolute  unit  of  length 
is  the  centimeter,  we  have  the  absolute  unit  of  work  known  as 
the  erg.  The  erg,  therefore,  or  the  absolute  unit  of  work  in  the 
C.  G.  S.  system,  is  defined  as  the  work  which  is  performed  hy 
the  force  of  1  dyne  acting  through  the  distance  of  1  centimeter. 

109.  The  Factors  in  Work.  It  must  be  remembered  that 
work  is  a  product,  the  factors  of  which  are  force  and  distance. 
It  is  necessary,  therefore,  that  the  point  of  application  of  the 
force  should  move  through  a  certain  distance  in  the  direction 
of  the  force  in  order  that  work  may  be  done.  No  work  is  per- 
formed by  forces  in  equilibrium,  because  in  this  case  no  motion 
is  produced.  Neither  is  work  done  when  a  force  acts  at  right 
angles  to  the  direction  of  motion.  Thus,  no  work  is  accom- 
plished by  the  centripetal  force  in  uniform  circular  mo- 
tion, since  no  component  of  this  force  lies  in  the  direction  in 
which  the  motion  takes  place.  For  the  same  reason  the  force 
of  gravitation,  though  holding  the  earth  in  its  orbit  and  caus- 
ing it  to  revolve  around  the  sun,  performs  no  work.     The  force 
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of  gravity  performs  no  work  upon  a  body  at  rest;  but  work  is 
done  upon  the  body  as  soon  as  the  latter  falls,  for  then  a  force 
equal  to  the  weight  of  the  body  moves  through  a  distance. 

Furthermore,  since  a  given  amount  of  work  depends  upon 
the  product  of  two  factors,  these  factors  may  be  varied  at  will, 
so  long  as  their  product  remains  constant  and  equal  to  the  given 
number  of  units  of  work.  Thus,  100  ergs  of  work  may  be  per- 
formed by  a  force  of  1  dyne  acting  through  100  centimeters,  or 
by  a  force  of  2  dynes  acting  through  50  centimeters,  or  by  a 
force  of  25  dynes  acting  through  4  centimeters,  or  by  a  force 
of  100  dynes  acting  through  1  centimeter,  and  so  on.  It  should 
be  noticed  that  time  does  nlot  enter  into  the  conception  of  work, 
and  that  the  amount  of  work  done  is  independent  of  tlie  tim.e 
required  to  perform  it. 

While  both  of  the  factors  that  enter  into  work,  namely,  force 
and  distance,  are  directed  quantities,  it  is  of  interest  to  observe 
that  work,  which  is  the  product  of  these  two  quantities,  is  itself 
wholly  independent  of  direction,  and  therefore  is  not  a  vector 
quantity. 

110.  Multiples  of  the  Erg — The  Kilogr ammeter  and  the 
Joule,  Since  the  dyne  is  an  exceedingly  small  force,  the  erg, 
which  is  the  work  done  by  the  force  of  one  dyne  acting  through 
the  distance  of  one  centimeter,  is  a  very  small  quantity  of  work 
indeed.  On  this  account  it  is  often  convenient  to  make  use 
of  a  unit  of  work  larger  than  the  erg,  and  the  unit  frequently 
adopted  is  the  kilogrammeter.  This  is  the  work  done  by  a  force 
equal  to  the  weight  of  one  kilogram  acting  through  the  distance 
of  one  meter.  Since  gravity  acting  on  1  gram  of  matter  exerts 
a  force  of  981  dynes,  the  force  due  to  gravity  acting  upon  1 
kilogram  is  981,000  dynes.  When  this  force  acts  through  1 
meter,  or  100  centimeters,  981,000  X  100  ergs  of  work  are  done. 
1  kilogrammeter  of  work,  therefore,  represents  an  amount  of 
work  equal  to  98,100,000  ergs. 

Another  multiple  of  the  erg,  namely,  10,000,000  ergs,  or  10^ 
ergs,  is  very  generally  used,  and  is  called  the  joule. 

111.  Power  of  Activity.  While  the  element  of  time  is  not 
contained  in  the  expression  for  work,   it  does  enter   into  the 
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conception  of  the  rate  at  which  work  is  performed,  and  this  is 
known  as  power,  or  activity.  Accordingly,  power,  or  activity, 
is  defined  as  the  rate  of  doing  work,  that  is,  the  amount  of  work 
done  in  the  unit  of  time,  or  the  second.  If  the  rate  at  which 
work  is  performed  is  constant,  this  is  equivalent  to  saying  that 
power,  or  activity,  is  the  ratio  of  the  entire  amount  of  work 
performed  to  the  entire  time  spent  in  accomplishing  this  work, 
or 

■p  .    .  work 

rower,  or  activity  =      .        . 
time 

If  the  unit  of  work,  the  erg,  is  performed  in  the  unit  of  time, 
the  second,  the  power,  or  activity,  is  likewise  unity.  The  abso- 
lute unit  of  power,  therefore,  is  the  ability  to  perform  work  at 
the  rate  of  1  erg  per  second.  Since  the  erg,  as  we  have  seen, 
is  a  very  small  unit,  the  absolute  unit  of  power  is  so  exceed- 
ingly small  that  a  multiple  by  10,000,000  is  usually  taken  as  a 
practical,  or  working,  unit,  and  is  called  the  watt.  The  watt, 
therefore,  equals  10^  ergs  per  second,  or  L  joule  per  second. 
It  requires  746  watts  to  equal  the  unit  of  power  frequently  used, 
known  as  the  horse  power. 

112.  Energy.  AVhen  work  is  performed  upon  a  body,  as, 
for  instance,  when  a  stone  is  lifted  vertically  from  the  ground, 
the  work  which  is  done  is  equal  to  the  product  of  the  force  ex- 
pended and  the  distance  through  which  the  force  has  been 
overcome.  As  a  result  of  this  expenditure  of  work,  the  stone 
no  longer  has  its  place  upon  the  ground,  but  is  in  an  elevated 
position.  From  the  very  fact  that  the  stone  is  raised,  it  is 
evident  that  as  soon  as  it  is  released,  the  force  of  gravity  will 
again  cause  it  to  move  through  the  same  distance,  and  an  amount 
of  work  will  thus  be  done  hy  the  stone,  equal  to  the  amount  of 
work  that  was  done  upon  it  in  giving  it  its  elevation.  Since  the 
stone  before  falling  is  in  a  position  to  do  work,  it  is  said  to 
possess  energy,  where  energy  is  defined  as  the  ability  to  per- 
form work.  The  elevated  position  of  the  stone  indicates  that 
work  has  been  done  upon  it,  and  this  work  is  represented  by 
its  position  of  advantage  with  reference  to  the  earth.     As  long 
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as  the  stone  maintains  its  position,  the  work  that  has  been  done 
upon  it  to  give  it  this  elevation  may  be  conceived  as  stored  up 
in  it,  and  the  energy  it  possesses  may  be  thought  of  as  the  work 
that  the  stone  can  do,  and  sometime  will  do,  but  has  not  yet 
done.  Energy  therefore,  may  be  defined  as  stored-up  work,  or 
work  that  has  not  yet  heen  performed. 

113.  Potential  Energy.  What  is  true  of  the  stone  when 
lifted  from  the  earth,  is  likewise  true  of  any  body  whatever 
upon  which  work  has  been  expended.  The  work  done  upon  a 
body  is  never  lost,  but  remains  stored  up  in  the  body  to  be 
given  out  again  when  the  body  once  more  resumes  its  original 
condition.  The  energy  possessed  by  a  body  in  virtue  of  its 
position,  as  described  above,  is  but  one  of  the  many  forms  in 
which  this  quantity  appears,  and  is  known  as  potential  energy. 
Since  energy  is  the  result  of  work  performed,  and  since  it 
may  again  be  converted  into  work,  energy  and  work  are  the 
same  in  nature,  and  both  are  measured  in  ergs. 

114.  Kinetic  Energy.  When  a  body  is  set  in  motion  by  the 
action  of  a  force,  the  point  of  application  of  the  force  must 
move  through  a  certain  distance  and  work  must  be  done,  that 
is,  energy  must  be  expended,  in  overcoming  the  inertia.  A 
moving  body,  therefore,  possesses  energy,  because  work  must 
be  performed  in  setting  it  in  motion.  Moreover,  since  a  mov- 
ing body  requires  a  force  to  stop  it,  and  since  a  velocity  cannot 
be  changed  instantly,  the  force  required  to  stop  the  body  must 
act  through  a  certain  distance;  and  so  work  must  be  done  by 
an  exterior  force  before  the  body  can  be  brought  to  rest.  A 
moving  body,  therefore,  possesses  the  ability  to  do  work  while 
it  itself  is  losing  its  motion;  and  its  energy  of  motion,  accord- 
ingly, must  be  equivalent  to  the  work  done  by  the  force  in  stop- 
ping it.  The  energy  possessed  by  a  moving  body  is  known  as 
kinetic  energy. 

If  a  mass  m,  moving  with  a  velocity  v,  is  brought  to  rest  by  a 
force  F,  acting  through  the  distance  I,  the  work  done  by  the 
force  in  stopping  the  body  is 

Work  =  Fl. 
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But  (p.  81) 

F  —  m  a^ 

and  (equation  8,  p.  33) 


2  a 


therefore 

Work   =  Fl  =  in  a 


2  2 


2a  2 

But  the  expression  Fl  represents  the  work  done  in  stopping 
the  body,  and  the  equivalent  expression    ^^    represents   the 

ability  of  the  moving  body  to  perform  this  amount  of  work, 
hence  its  kinetic  energy.  Therefore,  the  energy  of  a  moving 
body,  or  its 

K,  •                     m  v^ 
metic  energy  =  . 

It  should  be  noticed  that  the  kinetic  energy  of  a  body  de- 
pends only  upon  the  mass  of  the  body  and  upon  the  square  of 
its  velocity,  and  is  independent  of  the  acceleration  of  gravity. 
Hence  the  kinetic  energy  of  a  moving  body  would  be  the  same 
for  the  same  velocity  wherever  in  the  universe  it  might  be  situ- 
ated. 

115.  The  Conservation  of  Energy.  The  store  of  any  par- 
ticular kind  of  energy  possessed  by  a  body  seldom  remains  con- 
stant but  undergoes  frequent  transformation,  and  reappears 
in  one  or  another  of  the  many  forms  in  which  energy  is  capable 
of  existing.  The  change  that  is  continually  taking  place  from 
potential  energy  to  kinetic  and  back  again  to  potential  is 
beautifully  illustrated  by  the  swinging  of  the  common  pendu- 
lum.    Work  is  done  upon  the  pendulum  in  lifting  it  against 
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the  force  of  gravity,  and  the  equivalent  of  the  work  thus  ex- 
pended is  represented  by  the  potential  energy  the  pendulum 
possesses  in  its  elevated  position.  At  the  lowest  point  of  the 
swing,  this  energy  of  position  has  entirely  disappeared,  having 
been  transformed  into  the  energy  of  motion,  Avhich  is  here  a 
maximum.  Because  of  the  kinetic  energy  which  the  pendulum 
then  possesses  in  virtue  of  its  motion,  it  is  able  again  to  lift  itself 
against  the  force  of  gravity,  and  its  energy  of  motion  is  once 
more  transformed  into  energy  of  position.  At  a  point  inter- 
mediate between  its  highest  and  lowest  positions,  its  energy 
is  partly  potential  and  partly  kinetic;  as  the  pendulum  falls, 
its  potential  energy  diminishes  and  its  kinetic  energy  increases, 
but  the  sum  of  the  two  remains  perfectly  constant  throughout. 

If  the  principle  here  set  forth  is  extended  so  as  to  apply 
to  all  systems  in  which  energy  of  one  kind  is  transformed  into 
energy  of  another,  it  is  evident  that  in  the  phenomenon  of  the 
swinging  of  the  pendulum  we  observe  the  operation  of  a  great 
law  of  the  universe,  in  accordance  with  which  energy  of  one 
kind  is  continually  disappearing,  only  to  reappear  in  another 
of  the  many  forms  in  which  energy  exists.  Of  these  various 
forms,  potc7itial  energy  is  tJie  most  Jiiglily  available,  because  it 
is  also  the  most  unstable ;  and  so  it  is  continually  passing 
over  into  the  kinetic  form,  or  into  one  of  the  less  useful  mani- 
festations into  which  energy  may  be  changed.  Indeed,  it  may  be 
said,  as  a  general  principle  of  the  universe,  that  potential  energy 
tends  toivards  a  minimum. 

Furthermore,  if  any  number  of  particles  form  what  is  known 
as  a  closed  system,  that  is,  if  these  particles  move  among  them- 
selves due  to  their  own  mutual  actions,  but  do  not  receive  en- 
ergy from  without,  it  will  be  found  that  the  energy  of  such 
a  system  can  neither  lie  increased  nor  decreased  by  the  mutual 
interaction  of  its  parts.  One  part  loses  in  energy  exactly  as 
much  as  another  part  gains,  and  so  the  total  energy  of  a  closed 
system  remains  constant.  If  the  closed  system  is  extended  so 
as  to  include  the  entire  universe,  the  various  objects  which  we 
recognize  will  then  be  parts  of  this  closed  system,  and  to  the 
entire  universe  with  all  of  its  parts  the  same  principle  applies. 
This  great  law,  which  is  known  as  the  doctrine  of  the  conser- 
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vation  of  energy,  reveals  the  important  truth  that  energy  itself 
is  indestructible;  and  however  varied  may  be  the  changes  and 
transformations  it  may  undergo,  the  sum  total  of  the  energy  of 
the  universe  remains  perfectly  constant.  It  follows,  therefore, 
that  when  energy  of  one  kind  disappears,  it  does  so  only  to  re- 
appear unchanged  in  amount  in  some  other  form.  - 

116.  Machines.  When  a  certain  amount  of  Avork  is  to  be 
performed,  it  not  infrequently  happens  that  the  store  of  energy 
at  hand  is  of  a  form  unsuited  to  the  accomplishment  of  this 
work,  and  that  the  energy  can  become  available  only  by  the 
intervention  of  some  intermediate  device.  A  mechanism  for 
transferring  energy  from  one  point  to  another,  and  for  trans- 
forming energy  from  one  form  to  another  to  make  it  more 
adaptable  for  a  particular  purpose,  is  known  as  a  machine. 
In  all  machines  a  force  is  exerted  from  the  storehouse  of  en- 
ergy upon  some  part  of  the  mechanism,  this  part  is  then  moved 
through  a  certain  distance,  and  work  is  thus  performed  upon 
the  machine.  The  machine  transfers  this  work  to  another  part^ 
which  in  general  exerts  a  different  force  upon  the  resistance, 
or  obstacle,  to  be  overcome,  this  resistance  is  also  moved  through 
a  certain  distance,  and  the  machine  performs  work  upon  it. 

Although  a  force  exerted  by  the  source  of  energy  may  be 
indefinitely  multiplied  by  the  action  of  a  machine,  the  energy 
can  never  be  increased,  and  therefore  no  more  energy  can  be 
obtained  from  a  machine  than  is  originally  supplied  to  it.  There 
is,  then,  no  such  principle  as  the  conservation  of  force,  while 
in  every  machine,  as  elsewhere,  the  law  of  the  conservation  of 
energy  is  strictly  obeyed.  Not  all  of  the  energy  supplied  to  a 
machine  is  available  for  the  performance  of  useful  work,  since 
a  portion  of  it  is  expended  in  overcoming  friction,  stiffness  of 
cords,  belts,  etc.  No  machine,  accordingly,  is  capable  of  per- 
forming a  quantity  of  work  equal  to  the  energy  expended  upon 
it,  and  on  this  account  perpetual  motion  is  impossible.  The 
ratio  of  the  useful  work  performed  hy  the  machine  to  the  en- 
ergy supplied  to  it  is  called  the  efficiency  of  the  machine. 

However  complicated  a  machine  may  be,  it  is  found  to  con- 
sist in  its  essential  features    of  one  or  more    of    the     so-called 
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"mechanical  powers,"  which  are  effective  in  transferring  and 
adapting  energy  to  meet  a  particular  need.  These  mechanical 
powers  are  six  in  number,  and  are  as  follows:  the  lever,  the 
wheel  and  axle,  the  inclined  plane,  the  screw,  the  wedge,  and 
the  pulley. 

117.  The  Lever.  The  lever  consists  of  a  bar  free  to  turn 
about  a  fixed  axis  called  the  fulcrum.  When  a  force  is  ap- 
plied at  one  end  of  the  bar,  the  point  of  application  moves 
through  the  arc  corresponding  to  the  angle  through  which  the 
lever  turns,  and  work  is  thus  expended  from  the  store  of  en- 
ergy. The  machine  then  transfers  this  work  to  the  other  end 
of  the  lever,  where  the  resistance  is  moved  through  a  certain 
distance,  and  work  is  thereby  performed  upon  it.  The  obstacle, 
or  the  resistance  to  be  overcome,  is  frequently  in  the  form  of  a 
weight  to  be  lifted,  and  will  be  so  considered  in  the  treatment 
of  the  lever  and  of  the  other  forms  of  simple  machines.  The 
force  applied  to  the  lever,  and  the  resistance,  or  weight,,  to  be 
overcome,  may  be  regarded  as  acting  in  a  direction  at  right 
angles  to  the  length  of  the  bar. 

Thus  in  Fig.  69,  F  and  W  represent  the  force  and  the  weight 

,  respectively,     operating 

r^^  pi  at  the  two  ends  of  the 

T>|       -/^'^"'"2^  -r —^A       1^"^^^  ^^>  which  is  free 

"^■^^  /  crum  0.    If  the  system 

'W  "^-^  is     in     equilibrium,     a 

Fig.  69.  The  principle  of  the  lever.  slight       rotation       about 

this  point  will  cause  F  to 
move  in  its  own  direction  along  the  arc  Aa,  thus  performing 
the  work 

F'Aa; 

at  the  same  time  W  moves  in  its  own  direction  along  the  arc  Bh, 
and  an  amount  of  work  equal  to 

WBh 
is  performed  upon  it. 
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Except  for  the  loss  due  to  friction,  which  in  the  lever  is  not 
great,  the  work  done  upon  the  weight  is  exactly  equal  to  that 
performed  by  the  force,  and 

F-Aa  —  WBb. 

But  (p.  48), 

Aa  =  1\6, 
and 

Bh  =  rJ, 

where  i\  and  r^  are  the  distances  from  the  fulcrum  of  the 
force  and  the  weight  respectively,  and  6  is  the  angle  through 
which  the  lever  has  turned  during  the  rotation.     Accordingly, 

F.t\e  =  Wr,e, 

or 

Fr,  =  Wr„ 

that  is,  the  moment  of  the  force  about  the  fulcrum  is  equal  to 
the  moment  of  the  weight  about  this  same  point.  The  last  equa- 
tion may  be  written 

'W^  r' 

or  in  words. 

Force       Distance  of  weight  from  fulcrum 

Weight  Distance  of  force  from  fulcrum 

from  which  we  see  that  the  force  applied  and  the  weight  lifted 
are  inversely  proportional  to  their  respective  distances  from 
the  fulcrum. 
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The  ratio  of  the  resistance  overcome  to  the  force  applied  in 
any  machine  is  known  as  the  mechanical  advantage  of  the  ma- 
chine.    Therefore 


F 


meclianical    iidvantaofe. 


118.  The  Three  Classes  of  Levers.  According  to  the  loca- 
tion of  the  force  and  of  the  resistance  with  respect  to  the  ful- 
crum, levers  may  be  divided  into  three  groups,  known  as  levers 
of  the  first,  second  and  third  class  respectively. 

In  levers  of  the  first  class,  Fig.  70,  the  force  and  the  weight 
are  applied  on  opposite  sides  of  the  fulcrum,  the  weight  being 
nearer  the  fulcrum  than  the  force.  In  levers  of  the  second 
class,  Fig.  71,  the  fulcrum  is  at  one  end  of  the  bar,  the  force 
is  applied  at  the  other,  while  the  weight  is  placed  between 
them.     In  levers  of  the  third  class,  Fig.  72,  the  fulcrum  is  at 

F  F 

A  'I 


m 


M 


Fig.  70.     Lever  of  the 
first  class. 


Fi(!.   71.      Lever  of  tbe 
second  class. 


Fig. 


12.      Lever  of  the 
third  class. 


one  end  of  the  bar,  the  weight  at  the  other,  and  the  force  is 
applied  at  an  intermediate  point.  Since  in  levers  of  the  first 
and  second  classes  the  lever  arm  of  the  force  is  longer  than 
that  of  the  weight,  a  given  force  can  lift  a  weight  greater  than 
itself,  though  with  diminished  speed ;  but  in  levers  of  the  third 
class,  where  the  lever  arm  of  the  force  is  shorter  than  that  of 
the  weight,  the  force  applied  must  be  greater  than  the  weight, 
and  the  latter  moves  faster  than  does  the  point  of  application 
of  the  force. 

Levers  of  the  third  class  are  employed  when  great  force  is 
available  and  rapidity  of  motion  is  desired.  The  fore  arm  is 
an  illustration  of  a  lever  of  this  class,  the  elbow  representing 
the  fulcrum,  the  attachment  of  the  muscles  of  the  upper  arm 
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"being  the  point  of  application  of  the  force,  while  the  weight 
is  the  object  lifted  by  the  hand.  The  fingers  likewise  operate  up- 
on this  principle.  It  is  to  the  swiftness  of  movement  which  could 
be  attained  in  no  other  way  that  the  dexterity  of  the  human  hand 
is  largely  due. 

119.  The  Wheel  and  Axle.  The  wheel  and  axle  consists  of 
a  relatively  small  cylinder,  rigidly  connected  with  another  cyl- 
inder, or  wheel,  of  much  larger  diameter.  The  weight  W  to  be 
lifted.  Fig.  73,  is  applied  to  a  rope  wrapped  about  the  smaller 
cylinder,  or  the  axle,  while  the  force  F  that  is  to  overcome,  or 
raise,  this  weight  is  applied  to  the  circumference  of  the  larger 
wheel,  frequently  by  a  cord  wrapped 
in  the  opposite  direction  about  it. 
The  radii  of  the  wheel  and  the  axle 
may  be  taken  as  9\  and  n  respectively. 
If  the  system  is  in  equilibrium  and 
is  given  one  rotation  in  the  direction 
in  which  the  force  acts,  the  force  will 
move  through  a  distance  in  its  own 
direction  equal  to  the  circumference 
of  the  wheel,  thus  performing  an 
amount  of  work  equal  to 


Fig 


The  wheel  and  axle. 


F.27rr„ 

while  the  weight  will  be  lifted  through  a  distance  equal  to  the 
circumference  of  the  axle,  and  an  amount  of  Avork  will  be  done 
upon  it  equal  to 

W-27rr,. 

With  the  exception  of  the  energy  expended  in  overcoming  fric- 
tion, which  in  this  machine  is  larger  than  in  the  lever,  these 
two  amounts  of  work  are  equal,  since  work  can  be  neither 
gained  nor  lost.     Therefore, 

F-2Tr)\    =    W2Trr^, 


or 
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W~  r,' 


That  is 


Force    :   weight  =  radius  of  axle    :    radius  of  wheel, 

or,  the  force  applied  and  the  weight  lifted  are  inversely  pro- 
portional to  the  radii  of  the  wheel  and  the  axle  respectively. 

120.  The  Inclined  Plane.  By  the  use  of  the  inclined  plane^ 
a  body  or  weight  is  to  be  lifted  to  a  certain  height  through 
the  action  of  a  force  that  moves  the  weight  parallel  to  the 
face  of  the  plane. 

The  weight  W  of  the  body,  acting  vertically  downward,  Fig. 
74,  may  be  resolved  into  two  components,  one  W  sin  ^,  acting 

down  the  face  of  the  plane,  and 
the  other  W  cos  </>,  perpendicular 
to  this  face,  where  </>  is  the  angle 
of  the  plane.  If  the  body  is  to- 
remain  in  equilibrium  on  th& 
plane,  a  force  F,  equal  to  the  force 
W  sin  4>  but  opposite  in  direction, 
must  act  up  the  face  of  the  plane. 
If  the  body  moves  up  the  plane, 
the  force  F  must  act  through  a  distance  equal  to  the  length  I  of 
the  face  of  the  plane,  thus  performing  an  amount  of  work 
equal  to 


Fig.  74. 


v/ 

Forces  on  the  inclined 
plane. 


Fl. 


The  resistance,  or  the  weight,  which  in  this  case  is  W  sin  <^, 
has  also  been  moved  through  the  length  I  of  the  face  of  the 
plane,  and  an  amount  of  work  has  been  done  upon  it  equal  to 

Wl  sin  <^. 

Inasmuch  as  these  amounts  of  work  must  necessarily  be  equal, 
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Fl=  TF^sin  <^. 


Since 


I  ■ 

where  li  is  the  vertical  height  of  the  plane,  this  expression  be- 
comes 

Fl  =  Wh, 


or 


W  "    I ' 

Therefore,  when  the  force  is  applied  parallel  to  the  face  of  the 
inclined  plane. 

Force  :  weight  —  height  of  plane  :  length  of  plane. 

121.  The  Screw.  The  screw  consists  of  an  inclined  plane 
wound  around  a  cylinder,  forming  a  spiral  line  known  as  the 
thread  of  the  screw,  Fig.  75.  The  thread  makes  an  angle  (/>  with 
the  base  of  the  screw  equal  to  the  angle  of  ^*""'''"'™'" 
the  inclined  plane.  The  distance  between 
two  successive  turns  of  the  same  spiral,  meas- 
ured in  the  direction  of  the  axis  of  the  screw, 
is  knoA^Ti  as  the  pitch.  Therefore,  the  pitch 
of  the  screw  corresponds  to  the  height  of  the 
inclined  plane,  the  circumference  of  the  cyl- 
inder being  equivalent  to  the  base.  The 
screw  is  designed  to  work  in  a  nut,  that  is, 
in  a  hollow  cylinder  having  threads  upon 
its  inner  surface,  fitting  into  the  spaces  be- 
tween the  threads  of  the  screw.  One  revolution  of  the  screw 
raises  the  weight  W  an  amount  /i  equal  to  the  pitch  of  the  screw, 
while  the  force  F ,  if  this  is  applied  tangentially,  moves  through 


Fig.    7").  The    screw 
and  its  nut. 
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a  distance  equal  to  the  circumference  of  the  screw.     Accord- 
ingly, if  r  is  the  radius  of  the  screw, 

F-   2  7rr=Tr-  h, 


or 


W 


h 
2  TT  r 


That  is, 

Force  :  Aveight  =  pitch  of  screw  :  circumference  of  screw. 

If  the  force  is  not  applied  tangentially  to  the  circumference 
of  the  screw,  but  at  right  angles  to  a  radial  arm  of  length  I,  the 
distance  described  by  the  force  during  one  revolution  is  2ttI 
and 


F 

W 


h 

2    TT    J 


or, 


Force  :  weight  =  pitch  of  screw  :  circumference  of  circle  de- 
scribed by  force. 


Since  the  friction  between  the  screw  and  the  nut  is  consider- 
able, a  force  greater  than  that  here  indicated  must  be  applied. 

122.  The  Wedg'e.    The  wedge  consists  of  two  inclined  planes 
placed  base  to  base,  Fig.  76,  the  two  sloping  sides,  or  faces,  meet- 
ing at  the  vertex,   or  angle,   of  the 
wedge,    and    the    side    opposite    the 
angle  forming  the  back.     The  length 
of  the  wedge  is  the  perpendicular  dis- 
tance between  the  angle  and  the  back. 
If  the  force  is  applied  parallel  to  the  length  of  the  wedge,  that  is 
perpendicular  to  the  back,  while  the  weight  to  be  overcome  is 


Fig.   76.  The  wedge. 


THE  WEDGE.  131 

moved  at  right  angles  to  this  direction,  the  force,  in  moving 
a  distance  equal  to  the  length  I  of  the  wedge,  will  perform  an 
amount  of  work  equal  to 

Fl, 

while  the  weight  W,  in  being  moved  a  height  equal  to  the  back 
h  of  the  wedge,  will  have  an  amount  of  work  done  upon  it 
equal  to 

Wh. 

Accordingly,  since  these  quantities  of  work  are  equal, 

Fl  =  Wh, 

or 

W  ~  I 

Therefore,  when  the  wedge  is  thrust  under  an  object  to  lift  it, 
neglecting  the  loss  due  to  friction,  which  in  this  instance  is 
very  great,  we  have  the  relation 

Force    :    weight  =  back  of  wedge    :   length  of  wedge. 

Because  the  energy  consumed  in  overcoming  friction  is  enor- 
mously great  in  the  use  of  the  wedge,  the  above  theoretical  j?e- 
lation  between  the  force  applied  and  the  resistance  overcome 
is  far  from  being  even  approximately  correct. 

123.  The  Pulley.  The  pulley  is  a  device  for  transmitting 
energy  by  means  of  a  cord  or  rope,  and  consists  in  its  essential 
features  of  a  grooved  wlieel  carrying  the  cord  to  which  the 
force  is  applied.  If  the  pulley  is  rigidly  supported  in  such  a 
way  that  while  it  is  free  to  rotate  it  is  incapable  of  other  mo- 
tion. Fig.  77,  its  only  purpose  is  to  change  the  direction  of  the 
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Fig. 


m 


77.  The 
pulley. 


fixed 


1^    t<-  fo(Sow> 


force,  since  the  tension  in  one  part  of  a  cord 
can  be  no  greater  than  in  another.    In  a  pul- 
ley so  supported,  that  is,  in  a  so-called  fixed 
pulley,  the  force  is  applied  to  one  end  of  the 
rope,  while  the  weight  to  be  lifted  is  applied 
directly  to  the  other.     When  the  force  moves 
through  a  certain  distance,  the  weight  moves 
through  an  equal  distance,  and  the  force  is 
"then  equal  to  the  weight,  as,  for  instance,  in  the 
pulley  used  in  drawing  water  from  a  well. 
"When,  however,  the  pulley  is  not  rigidly 
fastened,  but  is  attached  to  the  weight  to  be 
lifted,  Fig.  78,  the  cord  passes  under  the  pulley,  one  end  being 
free  for  the  application  of  the  force,  the  other  being  fastened 
to  a  support.    In  this  arrangement,  which  is  known  as  the  mov- 
able pulley,  the  weight  is  carried  partly      | ^ 

by  the  cord  attached  to  the  support,  and  ' 

partly  by  the  cord  to  which  the  force  is 
applied,  and  each  of  these  cords  carries 
half  the  weight,  since  the  tension  in  each 
must  be  the  same.  When  the  force  moves 
through  a  certain  distance,  each  of  these 
cords  is  shortened  by  half  that  distance, 
and  the  weight  is  therefore  lifted  by  half 
the  distance  through  which  the  force 
moves.  Since  the  product  of  the  force 
and.  the  distance  through  which  the  force 
moves   must   equal    the   produpt   of    the 

— Tff  a  continuous  cord  passes  successively  about  a  number  of 
lows  that  in  the  single  movable  pulley,  the  weight  lifted  is  twice 
as  great  as  the  force  applied. 

If  a  continuous  cord  passes  successively  about  a  number  of 
pulleys  some  of  which  are  fixed  while  others  are  movable,  the 
weight  to  be  lifted  is  divided  equally  between  the  cords  that 
support  it.  Thus,  in  Fig.  79,  the  cord  passes  around  two  fixed 
and  two  movable  pulleys;  and  as  the  number  of  cords  that 
here  support  the  weight  is  four,  each  cord  carries  one  quarter 
of  the  weight.     Since  the  tension  in  all  parts  of  the  cord  must 


i 


w 


Fig. 


rS.   The  single  mov- 
able  pulley. 
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be  the  same,  it  follows  that  a  force  equal  to  one 
quarter  of  the  weight  will  hold  the  system  in 
equilibrium.  The  distance,  however,  through 
which  the  force  moves  when  a  displacement 
occurs  is  also  divided  equally  among  the  four 
cords,  each  one  being  shortened  by  one  quarter 
of  this  amount,  and  the  weight  being  lifted  by 
the  same  amount.  The  weight,  therefore,  is 
lifted  only  one  quarter  of  the  distance  through 
M'hich  the  force  moves,  although  it  is  four  times 
as  great  as  the  force  in  magnitude.  In  general, 
the  weight  that  can  be  lifted  by  a  system  of 
pulleys  is  equal  to  the  force  multiplied  by  the 
number  of  cords  supporting  the  weight.  IMore- 
over,  if  one  end  of  the  cord  is  fastened  to  the 
fixed  pulleys  of  the  system,  as  in  the  figure, 
the  weight  lifted  is  2n  times  the  force  applied, 
where  n  is  the  number  of  movable  pulleys, 
while  the  distance  through  which  the  weight 


is  lifted  is  only 


1 

2)1 


of  the  distance  through 


which  the  force  moves. 

In  all  forms  of  the  pulley,  as  in  all  other  ma- 
chines, the  laAv  holds  true  that,  except  for  the 
in  friction,  the  work  done  by  the  force  is  equal 
upon  the  weight,  that  is. 


Fig.    79.   The    com- 
pound pulley. 


energy  consumed 
to  the  w^ork  done 


or 


Force  X  distance  through  which  the  force  moves 

=  weight  X  distance  through  which  the  weight  moves, 


Force      _  distance  through  which  the  weight  moves 
Weight        distance  through  wliicli  tlie  force  moves 


The  force  and  the  weight,  therefore,  are  inversely  proportional 
to  the  distance  through  which  each  moves. 


134 


WORK   AND    ENERGY. 


124.  Friction.  It  is  a  matter  of  common  experience  that  mo- 
tions upon  the  earth  soon  cease,  and  that  moving  bodies  ulti- 
mately come  to  rest,  even  though  there  may  be  no  visible  forces 
acting  to  stop  them.  This  is  true  because  there  is  always  a 
force,  known  as  the  force  of  friction,  acting  to  oppose  motion 
whenever  one  body  moves  over  another.  It  is  to  be  observed 
that  the  force  of  friction  does  not  exist  until  motion  occurs  or 
is  about  to  occur,  and  this  force  then  acts  in  such  a  way  as  to^ 
oppose  the  motion  and  bring  the  body  to  rest.  It  is  evident, 
therefore,  that  the  cause  of  friction  has  its  origin  in  the  motion 
of  one  body  over  another,  and  not  in  the  fact  that  the  two  are 
in  contact  with  each  other.  IMoreover,  it  is  found  that  the  fric- 
tion between  two  surfaces  is  greater  when  these  surfaces  are 
rough  than  when  they  are  smooth,  although  only  to  a  certain 
extent  can  the  friction  be  eliminated  by  polishing  the  surfaces 
of  contact. 


125.  The  Cause  of  Friction.  A  partial  explanation  of  this 
phenomenon  undoubtedly  lies  in  the  fact  that  even  polished 
surfaces  are  not  perfectly  smooth,  since  each  contains  minute 
protuberances  which  project  into  the  spaces  between  similar 
inequalities  in  the  other,  Fig.  80.  Therefore,  when  one  sur- 
face is  moved  over  the  other,  these  little 
protuberances  are  torn  down  and  broken 
off,  thus  requiring  the  expenditure  of 
energy.  This  theory  is  supported  by 
the  fact  that  surfaces  become  smoother 
l)ecanse  of  friction,  and  also  by  the  fact 
that  lubricating  substances,  such  as  oil, 
black  lead,  etc.,  diminish  the  friction, 
since  these  are  thought  to  fill  up  the  little  inequalities  in  the 
surfaces,  thus  preventing  the  interlocking  of  the  protuberances. 
A  further  explanation  is  found  in  the  possible  adhesion  be- 
tween the  particles  of  the  two  surfaces.  The  pressure  probably 
brings  the  two  surfaces  so  near  together  that  the  molecules 
of  one  surface    attract   those    of   the    other,    and    this  molecu- 


Fig.     80.  Friction    due    to 
roughness    of    surface. 
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lar  attraction  must  be  overcome  when  one  surface  is  moved 
over  the  other.  Both  of  these  theories  are  confirmed  by  the  fact 
that  the  friction  at  rest  is  a  little  greater  than  the  friction  in 
motion,  that  is,  the  resistance  offered  by  friction  to  motion 
about  to  begin  is  a  little  greater  than  that  offered  to  motion 
already  taking  place.  This  is  explained  by  the  supposition  that 
when  the  surfaces  are  at  rest,  the  particles  have  time  to  fit  into 
one  another,  and  thus  bring  the  molecules  of  one  surface  more 
completely  within  the  sphere  of  attraction  of  the  molecules  of 
the  other. 

126.  Sliding-  Friction  and  Rolling  Friction.  Friction  of  the 
kind  here  described,  produced  by  the  sliding  of  one  body  over 
another,  is  known  as  sliding  friction.  Another  form,  however, 
known  as  rolling  friction,  is  found  in  the  resistance  to  motion 
that  occurs  when  one  body  rolls  over  another.  This  form  is 
thought  to  exist  because  the  rolling  body,  Fig.  81,  must  crush 
the  little  protuberances  and  thereby  expend  energy  as  it  passes 
over  them. 

Indeed,  it  is  because  rolling 
friction  is  less  than  sliding 
friction  that  an  engine  is 
able  to  draw  a  train  of  cars 
many  times  heavier  than  it- 
self. If  the  brakes  on  the 
cars  are  set,  so  that  the  loco- 
motive can  not  start  the  train, 
the  wheels  of  the  engine  will 
turn  uselessly  around,  that  is, 
they     will     slide     upon     the 

track,  and  the  resistance  of  the  train  is  greater  than  this  slid 
ing  friction.  The  maximum  force  which  the  engine  can  exert 
is  thus  seen  to  be  equal  to  the  sliding  friction  between  its  wheels 
and  the  rails.  If  the  brakes  are  released,  however,  so  that  the 
wheels  of  the  cars  are  free  to  roll,  the  resistance,  offered  by 
the  train  is  only  that  of  its  rolling  friction ;  and  if  this  is  less 
than  the  sliding  friction  between  the  wheels  of  the  locomotive 
and  the  rails,  the  train  will  move.     The  engine,  therefore,  can 


Fig.  si.  The  cause  of  rolling  frictiou. 
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draw  the  train  so  long  as  the  combined  rolling  friction  of  all 
the  cars  is  less  than  the  sliding  friction  between  the  wheels  of 
the  engine  and  the  track. 

127.  The  Coefficient  of  Friction.  The  friction  between  two 
surfaces  is  found  to  depend  upon  tlie  kind  of  material  of  which 
these  surfaces  are  made,  and  must  be  determined  for  each  two 
different  substances.  In  this  measurement,  a  smooth  table  is 
usually  made  from  one  of  the  substances  and  a  smooth  plate, 
or  block,  from  the  other,  Fig.  82,  and  the  force  necessary  to 

draw  the  block  over  the  table  is  then 
determined,  this  force  being  known 
as  tlie  force  of  friction.  AVhen  the 
])lock  rests  upon  the  table,  the  force, 
or  pressure,  perpendicular  to  the  sur- 
face cf  separation  between  the  two 
is  known  as  the  normal  pressure. 

By  experiment  it  is  found  that  the 
force  of  friction  is  proportional  to 
tlie  normal  pressure;  that  is,  if  the  pressure  between 
the  block  and  the  table  is  doubled,  the  force  required  to  draw 
the  block  along  is  also  doubled.  There  is,  therefore,  a  constant 
ratio  between  the  force  of  friction  and  the  normal  pressure,  and 
this  ratio,  which  is  constant  for  any  two  substances,  is  known 
as  tlie  coefficient  of  friction.  Accordingly  if  F  denotes  the 
force  of  friction,  and  P  the  normal  pressure,  the  coefficient  of 
friction  k  is  always  such  that 


Fig.    82.   Determining    the    CO 
efficient    of    friction. 


Since  the  force  of  friction  depends  only  upon  the  nature  of 
the  surfaces  in  contact  and  upon  the  normal  pressure,  it  is  in- 
dependent of  the  extent  of  the  surfaces.  Therefore,  if  a  cer- 
tain force  of  friction  is  required  to  draw  along  a  given  block  when 
this  is  lying  flat  upon  the  table,  the  same  force  of  friction  will 
draw  the  same  block  when  this  is  turned  upon  edge.  It  ia 
also  found  by   experiment   that  the   coefficient  of  friction   in- 
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creases  with  the  velocity,  although  it  does  so  only  to  a  rela- 
tively small  extent,  and  is  usually  not  considered. 

128.  CoeflEicient  of  Friction  by  the  Inclined  Plane.  Another 
method  of  determining  the  coefficient  of  sliding  friction  is  to 
place  the  block  upon  an  inclined  plane,  and  to  increase  the 
angle  of  the  plane  until  the  block  will  slowly  slide  down.  The 
angle  which  the  plane  makes  with  the  horizontal  when 
sliding  is  just  about  to  begin  is  known  as  the  angle  of  friction, 
or  the  angle  of  repose.  When  this  condition  has  been  attained, 
the  coefficient  of  friction  is  numerically  equal  to  the  tangent 
of  the  angle  of  friction,  as  may  be  seen  from  the  following 
consideration : 

Let  ABC,  Fig.  83,  represent  the  inclined  plane,  and  D 
the  block  placed  upon  it,  where  the  angle  4>  of  the  plane 
is  such  that  sliding  is  just  about  to  begin.  The  weight  W  of 
the  body  may  be  resolved  into  two  components,  one  F  parallel  to 
the  face  of  the  plane,  and  the  other  P  perpendicular  to  this 
face.  The  force  F  is  the  force  causing  the  block  to  slide  down 
the  plane,  that  is,  it  is  the 
force  of  friction,  while  the 
component  P  is  the  normal 
pressure  between  the  two  sur- 
faces in  contact.  The  ratio 
of  these  two  components, 
therefore,  is  the  ratio  between 
the  force  of  friction  and  the 
normal  pressure,  and  this  is 
the  coefficient  of  friction  k 
for  these  two  surfaces. 

Since  the  angle  DWF  is  equal  to  the  angle  of  the  plane, 
their  sides  being  perpendicular, 


\A/ 


Fig.  S3.   The  coefficient  of  friction  is  the 
tangent  v(  the  angle  of  friction. 


w 


=  sin   i>,  or  F=   W  sin  <t>, 


and 


W 


cos  <^,  or  /-*  =   W  cos  <^. 
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Therefore, 

,       F        TT  sin  </>       ,       , 
P         ^r  COS  9 

The  coefficient  of  friction  is  thus  seen  to  be  numerically  equal- 
to  the  tangent  of  the  angle  of  friction. 

129.  Energy  of  a  Rotating  Body — Moment  of  Inertia.  When 
a  body  of  mass  m  moves  in  a  straight  line  with  the  velocity  Vy 
its  kinetic  energy  (p.  121)  is  expressed  by 


2 


and  is  independent  of  the  location  of  the  mass,  as  well  as  of  its 
distribution.  "When,  however,  a  rigid  body  rotates,  the  various 
particles  of  the  body  have  different  velocities,  and  therefore 
different  amounts  of  kinetic  energy,  depending  upon  their  dis- 
tances from  the  axis  of  rotation.  Accordingly,  the  kinetic  en- 
ergy of  a  rotating  body  depends  not  only  upon  the  mass  and 

the  angular  velocity  with  which 
it  rotates,  but  upon  the  distance 
of  the  moving  mass  from  the 
axis  of  rotation.  Since  particles 
far  from  the  axis  have  a  higher 
velocity,  and  therefore  a  greater 
kinetic  energy,  than  similar  par- 
ticles near  the  center,  it  follows 
that  the  kinetic  energy  of  a  ro- 
tating body  may  be  expressed  by 
determining  the  kinetic  energy 
of  each  of  its  particles,  and  tak- 
ing their  sum. 

We  may  assume  at  first,  for  simplicity,  that  the  rotating  body 
consists  of  a  single  particle  of  mass  m,  Fig.  84,  at  the  distance 
r  centimeters  from  the  point  0,  about  Avhich  it  rotates.  Its- 
kinetic  energy  is  then 


Fig.  S4.  Kinetic  energy  of  a  single 
rotating  particle. 
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where  v  is  the  velocity  of  the  particle  measured  along  the  cir- 
cumference of  the  circle,  or  its  speed.  If  the  particle  makes 
one  revolution  in  T  seconds,  its  velocity  is  (p.  51) 


2  TT  r 

V  =  , 

T 


and  the  expression  for  its  kinetic  energy  then  becomes 


m  4c  "T  r 


t2 


or 


2  T 


.     1        4    TT-  2 

2    r- 

The  coefficient  of  mr~,  that  is, 

1  4  TT- 

2  T'   ' 

is  constant,  and  so  does  not  depend  upon  the  mass  or  upon  the 
distance  of  the  latter  from  the  axis.  It  is  thus  seen  that  the 
kinetic  energy  of  a  rotating  body  depends  not  only  upon  the 
mass  of  the  body  but  upon  the  square  of  its  distance  from  the 
axis  of  rotation. 

If  another  particle  wi',  rotates  in  the  same  time  as  the  first, 
and  at  the  distance  r'  from  the  axis,  its  kinetic  energy  is 


1  4    TT^  , 

-    ■ — 5-  m   r 

2  T- 


The  total  kinetic  energy  of  these  two  particles  is  then 
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1    4   TT                  2              1     4    TT-           ,       ri           1     4    TT-     .  .,  ,       ,,, 
rr    m   r     4- ;     111     T      = ;     \ni   V      \~   111     V  '). 

2  T'  'AT'  2   r- 


As  nothing  will  be  changed  if  these  two  particles  are  rigidly 
connected  together,  the  kinetic  energy  of  a  rigid  body  consist- 
ing of  two  particles  rotating  about  the  same  axis,  is 


1      4    TT-     .  2      ,  /       /2\ 


If  we  now  consider  an  extended  body,  consisting  of  a  great 
many  (n)  particles,  of  different  masses  and  situated  at  differ- 
ent distances  from  the  axis  of  rotation,  we  may  in  the  same 
way  calculate  the  kinetic  energy  for  each  particle.  The  total 
kinetic  energy  of  the  entire  rotating  body,  that  is,  the  sum  of 
the  kinetic  energies  of  its  particles,  is 

1  4  TT     /  2      I  '        '2      I  «        "2      I         •  ,  n       ii2\ 

2  T 

The  expression  withili  the  parenthesis  may  be  written 

2  mr-, 

where  5  denotes  "the  sura  of."  Therefore,  the  total  kinetic 
energy  of  a  rotating  body  is 

1         4    TT-  o 

-    — 5-  2  ffir  . 
2      T- 

That  is,  the  mass  of  each  particle  is  to  be  multiplied  by  the 
square  of  its  distance  from  the  axis'  of  rotation,  and  the  sum  of 
these  products  taken.  The  sum  of  these  products,  multiplied 
by  the  constant 

2      T' 
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expresses  the  total  kinetic  energy  of  the  rotating  body.  This 
sum, 

2  mr-, 

is  known  as  the  moment  of  inertia. 

In  practice,  however,  a  summation  such  as  this  cannot  be 
made,  siiice  it  is  impossible  to  ascertain  the  mass,  and  therefore 
the  individual  moment  of  inertia,  of  each  particle.  Neverthe- 
less the  equivalent  of  this  may  be  accomplished  by  determining 
the  moment  of  inertia  that  would  exist  if  the  entire  mass  were 
concentrated  at  a  single  point,  and  this  point  were  situated  at 
such  a  distance  k  from  the  axis  that  the  kinetic  energy  would 
remain  unchanged.  In  this  case,  the  entire  mass  M  of  the  body, 
multiplied  by  the  square  of  this  distance  h,  would  equal  the 
moment  of  inertia  of  the  body,  that  is, 

*       J/X-  =  %  mr\ 

where  the  distance  k  is  known  as  the  radius  of  gyration.  Ac- 
cordingly, the  radius  of  gyration  is  the  distance  from  the  axis  of 
rotation  such  that,  if  the  entire  mass  of  the  rotating  body  were 
concentrated  in  a  point  at  this  distance,  the  moment  of  inertia, 
and  therefore,  also,  the  kinetic  energy,  would  remain  unchanged. 
It  remains  to  discuss  the  coefficient  of  '^mr-.  In  the  above  ex- 
pression for  kinetic  energy,  we  have  seen,  (p.  51),  that  J^ 
represents  the  angular  velocity  w  of  a  rotating  body,  and  the 

4    77^.. 

fraction  ^,  is  simply  the  square  of  this  quantity.  The  co- 
efficient of  ^mr-  in  the  above  expression  for  kinetic  energy  is,, 
accordingly, 


1  4  TT-         1     , 

2  T-  2 

The  expression  for  the  kinetic  energy  of  a  rotating  body  may,, 
therefore,  be  written 
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2 


or 


l'< 


where  I  is  the  moment  of  inertia. 

A  clearer  conception  of  the  full  meaning  of  the  moment  of 
inertia  may  be  obtained  by  comparing  the  expressions  for  the 
Tfinetic  energy  of  translation  and  the  kinetic  energy  of  rotation, 
and  observing  the  significant  analogy  between  the  two : 


Kinetic  energy  of  translation  =  ~,  m  v' , 

2 


Kinetic  energy  of  rotation  =  —   /"w". 

2 

In  these  expressions,  which  are  identical  in  form,  it  is  seen 
that  the  moment  of  inertia  in  a  motion  of  rotation  corresponds 
to  the  mass,  that  is,  to  simple  inertia,  in  a  motion  of  transla- 
tion, while  the  angular  velocity  in  rotation  is  a  vector  quantity 
analogous  to  linear  velocity  in  translation.  Since  the  energy 
of  a  rotating  body  depends  upon  its  moment  of  inertia,  the 
work  done  by  a  force  in  setting  a  body  in  rotation  must  like- 
wise depend  upon  its  moment  of  inertia.  Accordingly,  when 
a  force  acts  upon  a  mass  of  matter  to  impart  rotation,  this 
force  must  overcome  the  moment  of  inertia  of  the  matter,  that 
is,  its  rotational  inertia,  just  as  a  force  which  acts  upon  a  mass 
of  matter  to  produce  translation  must  overcome  its  linear  in- 
ertia. From  this  we  see  that  moment  of  inertia  is  the  re- 
sistance that  matter  offers  to  being  set  in  rotation,  and  it  is 
also  the  resistance  that  matter  offers  to  a  change  of  rotation, 
when  this  is  once  accomplished.  It  is,  therefore,  the  resistance 
that  matter  offers,  not  to  a  rotation,  but  to  a  change  of  rotation; 


<<:} 
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'Or,  in  other  words,  it  is  the  persistence  with  which  matter  main- 
tains unchanged  its  existing  condition  as  regards  rotation. 
But  we  have  seen  (p.  99)  that  simple  inertia  is  the  tendency  of 
matter  to  maintain  unchanged  its  existing  conditions  as  regards 
translation.  Hence  it  is,  that  moment  of  inertia  bears  the  same 
relation  to  rotation  that  simple  inertia  bears  to  translation. 

It  is  because  the  kinetic  energy  of  a  rotating  body  is  propor- 
tional to  its  moment  of  inertia,  that  is,  proportional  not  only  to 
its  mass,  but  to  the  square  of  the  distance  of  the  latter  from  the 
axis  of  rotation,  that  fly-wheels  of  engines  are  made  with  very 
massive  rims.  Great  energy  is  required  to  set  these  wheels  in 
rotation;  but,  once  in  motion,  their  kinetic  energy  is  so  great, 
"because  of  their  great  moment  of  inertia,  that  they  continue  to 
rotate,  even  when  an  extra  load  is  suddenly  thrown  upon  the 
•engine,  and  so  a  uniform  speed  of  the  machinery  is  maintained. 


CHAPTER  IX. 

GRAVITATION  AND  GRAVITY. 

130.  The  Attraction  of  Gravitation.  The  great  law  of  the 
attraction  of  gravitation,  as  announced  in  1685  by  Sir  Isaac 
Newton,  is  as  follows: — Every  particle  of  matter  in  the  uni- 
verse attracts  every  other  partible  of  iiiatter  with  a  force  jvhjch 
acts  in  the  direction  of  the  straight  line  joining  their  centers, 
and  varies  directly  as  the  product  of  the  masses  and  inversely 
as  the  square  of  the  distance  between  them.  Thus,  if  m  and  m' 
represent  the  masses  of  two  bodies  and  r  is  the  distance  be- 
tween their  centers,  the  force  of  attraction  between  them  may 
be  expressed  by  the  relation 


r 


or 
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F=   k 


m  m 


where  h  is  the  factor  of  proportionality,  and  is  known  as  the 
constant  of  gravitation. 

The  reason  why  masses  of  matter  attract  one  another  has  been 
a  mystery  to  men  of  all  ages,  and  even  now  it  is  not  at  all  un- 
derstood. It  may,  perhaps,  best  be  explained  by  assuming  that 
there  is  a  stress  in  the  medium  (the  ether)  between  the  attract- 
ing bodies.  The  nature  of  this  attraction,  therefore,  is  not 
known,  but  the  law  according  to  which  it  takes  place  is  the  one 
stated  above.  If  one  of  these  masses  is  the  earth,  and  the  other 
a  body  upon  the  earth,  the  force  of  attraction  between  the  two 
is  known  as  the  weight  of  the  body.  Weight  therefore,  is  a 
true  force,  and  may  be  measured  in  dynes.  The  term  gravita- 
tion is  the  general  term  applied  to  this  force  of  attraction 
throughout  the  universe,  while  the  word  gravity  is  applied  to 
the  special  ease  of  gravitation  when  the  attraction  exists  be- 
tween the  earth  and  objects  upon  it. 

131.  The  Cavendish  Experiment.  The  constant  of  gravita- 
tion k  is  the  force  with  which  1  gram  of  matter  attracts  another 
gram  of  matter  when  the  two  are  at  the  distance  of  1  centi- 
meter from  each  other.  The  determination  of  the  value  of  this 
constant  was  made  in  the  years  1797-8  by  Henry  Cavendish, 
and  furnished  the  first  experimental  demonstration  of  the  truth 
of  Newton's  law  of  the  attraction  of  gravitation  between  masses 
of  matter. 

In  this  remarkable  investigation.  Cavendish  devised  and 
employed  the  arrangement  which  is  still  used  for  this  and 
for  similar  purposes,  known  as  the  torsion  balance.  This  con- 
sisted of  a  horizontal  bar  carrying  a  small  mass  m  at  each  end, 
and  suspended  at  its  center  by  an  extremely  fine  wire,  so  that 
the  bar  would  be  deflected  under  the  action  of  exceedingly  small 
forces  applied  to  the  masses  m.  From  a  detailed  study  of  the 
apparatus,  the  force  required  to  twist  the  wire  through  a  cer- 
tain small  angle  was  accurately  known.  When  large  masses  of 
lead  M  were  brought  very  near  to  the  masses  m,  and  in  the 
positions  shown  in  Fig.  85,  the  attraction  of  gravitation  between 
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these  masses  and  the  smaller  masses  m  gave  rise  to  a  couple, 
producing  a  small  rotation  of  the  bar  in  the  positive  direction 
and  a  slight  twisting  of  the  suspending  wire.  The  large  masses 
of  lead  were  then  removed  to  similar  positions  on  the  opposite 
side  of  the  bar,  Fig.  86,  and  the  force  of  attraction  which  then 
took  place  between  the  masses  produced  a  rotation  of  the  bar 
and  a  twisting  of  the  wire  in  the  opposite  sense. 


m 


■m         m 


m 


1  • • ©t       f  • . ^-, 


M 


0 

Fig.  S5.  Cavendisli's  torsion  balance.    Fig.  86.  The  torsion  balance  with  the  lead 

masses  transposed. 

From  the  amount  of  rotation  thus  produced,  and  from  the 
knowledge  of  the  force  required  to  twist  the  wire  through  a 
given  angle,  it  was  possible  to  compute  in  dynes  the  force  of 
attraction  between  the  masses  31  and  m.  When  this  force  was, 
substituted  for  F  in  Newton's  expression 


,T    _       7.      W'      ^" 


and  when  the  masses  of  the  large  leaden  spheres  and  those  of 
the  smaller  balls  at  the  ends  of  the  bar  were  substituted  for 
m  and  in'  respectively  in  this  equation,  r  being  the  distance 
between  their  centers,  the  value  of  /.:  was  found  to  be  approxi- 
mately, 


djme. 

15,000,000 


132.  The  Mass  and  Density  of  the  Earth.    Although  the  de- 
termination of  k  was  in  itself  a  most  rcmarkaljle  work.  Cavendish 
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was  able  to  employ  the  value  of  this  constant  in  a  calculation 
of  still  greater  interest,  which  led  to  the  computation  of  the 
mass  of  the  earth.  This  he  accomplished  by  once  more  making 
use  of  Newton's  equation,  and  considering  the  earth  and  a 
mass  of  matter  on  the  earth  as  the  two  attracting  bodies.  We 
may  follow  this  computation  without  difficulty,  but  for  the 
sake  of  simplicity  we  shall  make  use  of  the  modern  notation. 
If  m  in  the  above  equation  represents  the  unknown  mass  of  the 
earth  and  m'  a  mass  of  1  gram  on  its  surface,  r  is  then  the 
distance  from  the  surface  of  the  earth  to  the  center,  that  is,  the 
radius  of  the  earth,  or  637X10"  centimeters.  Since  the  force 
F,  with  which  the  earth  attracts  a  mass  of  1  gram  at  its  surface, 
is  981  dynes,  and  since  the  value  of  k  is  given  by  the  Caven- 
dish experiment,  all  quantities  except  m  in  this  equation  are 
known,  and  the  latter  becomes 


981  1  "'^   ^ 


15,000,000    (6.37    >=    10**)' 
from  which 

7n  =  614  X   lO"''  grams. 

The  mass  of  the  earth,  accordingly,  is  614X1C  grams;  and 
Cavendish,  who  thus  determined  this  mass  with  the  aid  of  the 
torsion  balance,  is  often  referred  to  as  the  first  who  was  able 
to  ''weight  the  earth". 

One  further  deduction  of  the  greatest  importance  is  a  direct 
result  of  the  work  of  Cavendish.  The  radius,  and  therefore  the 
volume,  of  the  earth  being  known,  and  its  mass  having  been 
thus  determined,  its  average  density,  that  is,  the  ratio  of  its 
mass  to  its  volume  (p.  77),  may  be  at  once  computed,  and  is 
found  to  be  5.527.  This  means  that  the  earth  contains  5.527 
times  as  much  matter  as  if  it  consisted  entirely  of  pure  water. 

133.  Expression  for  the  Weight  of  a  Body.  When  a  body 
falls  freely,  its  weight  W,  or  the  attraction  of  the  earth  upon 
it,  gives  to  it?  mass  m  the  acceleration  g.     Since  weight,  then, 
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is  a  true  force,  we  may  obtain  its  magnitude  in  dynes  by  sub- 
stituting these  values  for  the  force  and  the  acceleration  in  the 
general  expression  for  force,  namely, 

F  =  m  a, 

and  obtain 

W  =  m  g. 

This  is  the  corresponding  expression  for  the  weight  of  a  body 
in  terms  of  its  mass  and  the  acceleration  of  gravity,  and  indi- 
cates that  a  body  of  mass  7n,  in  falling  freely  under  the  attrac- 
tion of  gravity,  that  is,  under  the  action  of  its  own  weight, 
-acquires  an  acceleration  of  g  centimeters  per  second  in  a  second. 
The  same  equation  shows,  likewise,  that  the  weight  of  a  body  is 
directly  proportional  to  its  mass;  for  if  the  mass  m  were 
doubled,  the  weight  W  would  also  be  doubled,  so  that  the  weight 
of  a  2-kilogram  mass  is  twice  as  great  as  that  of  a  1-kilogram 
mass. 

134.  A  Heavy  and  a  Light  Body  Fall  in  Equal  Times.  We 
have  seen,  however,  (p.  8'0),  that  when  forces  are  propor- 
tional to  the  masses  upon  which  the;v"  act  they  produce  the  same 
acceleration.  The  force  of  gravity  acting  upon  the  2-kilogram 
mass,  or  its  weight,  is  twice  as  great  as  that  acting  upon  the 
1-kilogram  mass ;  the  mass  of  the  former  is  also  twice  as  great 
as  that  of  the  latter,  and  therefore,  the  acceleration  whicl;  is 
imparted  to  each  is  the  same  in  each  case,  or  g.  Accordingly, 
the  2-kilogram  mass,  in  falling,  will  acquire  the  same  accelera- 
tion as  the  ] -kilogram  mass,  that  is,  both  will  fall  in  the  same 
time. 

The  explanation  of  this  phenomenon  lies  in  the  fact  that  the 
inertia  of  a  body,  or  its  resistance  to  change  of  motion,  is  pro- 
portional to  its  mass  (p.  101).  The  two-fold  weight,  therefore, 
acting  upon  the  two-fold  mass  to  accelerate  it,  encounters  twice 
as  much  resistance,  or  inertia,  as  the  single  Aveight  acting  upon 
the  single  mass ;  but  as  the  force  acting  upon  the  larger  mass  is 
also  twice  as  great  as  that  acting  upon  the  smaller,  the  aeceler- 


148  GRAVITATION   AND    GRAVITY. 

ation  given  to  the  former  is  exactly  the  same  as  that  imparted 
to  the  latter,  A  heavy  and  a  light  body,  therefore,  will  fall  in- 
equal  times,  as  w^as  first  demonstrated  by  Galileo  by  dropping 
^together  two  very  unequal  masses  from  the  top  of  the  Leaning 
Tower  of  Pisa.  The  two  were  seen  to  start  at  the  same  time,  to 
fall  together,  and  to  strike  the  ground  at  the  same  instant.  Thus 
was  demonstrated  the  truth,  which  the  world  even  then  was 
slow  to  believe,  that  the  acceleration  of  gravity  is  independent 
of  mass,  or  that  a  small  mass  falls  in  the  same  time  as  a  large 
one. 

It  may  be  argued  tliat  this  cannot  be  so,  inasmuch  as  it  is 
contrary  to  daily  experience ;  for  it  is  certainly  true  that  a  light 
body,  such  as  a  piece  of  paper,  falls  more  slowly  than  a  heavier 
one,  such  as  a  coin.  This,  however,  is  because  of  the  resist- 
ance of  the  air,  which  operates  as  a  force  tending  to  decrease 
the  motion  of  each  body.  The  effect  of  this  impeding  force  is- 
relatively  greater  upon  the  lighter  body  than  upon  the  heavier 
one ;  but  if  the  two  are  enclosed  in  a  tube,  from  which  the  air 
is  exhausted,  the  force  of  gravity  is  then  the  only  force  acting,, 
and  they  will  be  seen  to  fall  in  the  same  time. 

A  simpler  experiment  illustrating  the  same  principle  con- 
sists in  placing  a  sheet  of  paper  upon  a  fiat  metallic  plate,  and 
dropping  the  two  together.  The  plate,  as  it  falls,  displaces  the 
air  before  the  paper,  and  so  frees  the  latter  from  this  retarding 
effect.  The  two,  therefore,  fall  together,  and  the  paper  is  still  in 
contact  with  the  plate  as  it  strikes  the  ground. 

.135.  Mass  and  Weight.  The  distinction  between  mass  and 
weight  is  now  apparent.  The  mass  of  a  body  is  the  quantity  of 
matter  in  the  body,  and  remains  the  same  so  long  as  matter  is 
neither  added  to  it  nor  taken  from  it.  The  weight  of  a  body, 
however,  is  the  measure  of  the  attraction  of  the  earth  upon  it, 
and  varies  with  its  distance  from  the  center  of  the  earth.  The 
mass  of  a  body,  therefore,  is  a  property  of  that  body,  and  is 
inherent  in  it,  while  its  weight  cannot  exist  unless  another  body 
is  present  to  attract  it. 

136.  Varation  of  Gravity  at  Different  Points  of  the  Earth's 
Surface.     If  the  earth  were  a  perfect  sphere,  the  weight  of  a- 
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iDody,  except  for  a  small  effect  due 
to  centrifugal  force,  would  be  the 
same  at  every  point  upon  the  sur- 
face of  the  globe.  Inasmuch,  how- 
ever, as  the  latter  is  spheroidal  in 
form,  a  body  at  the  poles  is  nearer 
the  center  of  the  earth  than  is  a  body 
at  the  equator.  A(;cordingly,  Fig. 
87,  if  a  body  of  mass  m'  were  carried 
from  the  equator  to  the  pole,  m  being 
the  mass  of  the  earth,  m  and  m'  in 
the  expression 


N 


Fn;.  87.  Weight  increases 
from  the  equator  to  tbe 
poles. 


I" 


would  remain  the  same,  but  r  would  vary  Av-ith  the  latitude, 
being  less  at  the  poles  than  at  the  equator.  At  the  poles,  this 
shorter  distance  from  the  center  of  the  earth  means  an  increased 
attraction  and,  therefore,  an  increased  weight.  The  weight  of 
a  body,  accordingly,  is  not  constant  over  the  surface  of  the 
earth,  but  increases  as  the  body  is  carried  from  the  equator  to 
the  poles. 

137.  The  Attraction  of  a  Hollow  Shell  of  Gravitating  Matter 
Upon  a  Particle  Placed  Within.  As  a  special  case  of  the  at- 
traction of  gravity  it  is  interesting  to  determine  the  weight  of  a 
body  at  a  point  in  the  interior  of  the  earth.     Before  considering 

this  problem,  it  is  necessary  to 
demonstrate  the  following  propo- 
sition :  A  particle  of  matter  placed 
within  a  hollow  shell  of  gravitat- 
ing matter  experiences  no  force  of 
attraction  due  to  the  shell,  where- 
ever  within  tlie  latter  the  particle 
may  be  placed. 

Let  the  circle  Fig.  88,  represent 

Fio.  S8.  A  hollow  shell  exerts  no       t^^^  l^O^^OW  shell  of  gravitating  mat- 
resultant    attraction    upon    a     ^^ .         ^  ,„  |]^^  particle  of  matter 

particle  placed  within.  '    '"^  ^ 
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within,  m  may  be  made  the  vertex  of  two  small  similar  cones 
that  cut  out  similar  areas  upon  the  surface  of  the  sphere,  rep- 
resented in  section  by  the  lines- «?>  and  cd.  The  distance  of 
m  from  these  portions  of  the  sphere  and  r  and  r'  respectively. 
The  attraction  of  the  mass  ah  upon  ni  is 

ab  .  m 


acting  toward  the  left;  and  the  attraction  of  the  mass  cd  upon 
m  is 

cd  .  m 


acting  toward  the  right.  But  by  geometry,  the  bases  of  similar 
cones  are  to  each  other  as  the  squares  of  their  altitudes.  There- 
fore, 

ab       cd 


If  each  side  of  this  equation  is  multiplied  by  m,  we  have 

ab  .  m        cd  .  7n 


This,  however,  is  an  equation,  each  member  of  which  is  identical 
with  the  force  of  attraction  as  given  above,  thereby  showing 
that  the  attractions  of  these  two  portions  of  the  spherical  sur- 
face upon  the  particle  m  are  equal  and  opposite.  The  whole 
surface  of  the  sphere  may  be  divided  into  pairs  of  similar  cones 
in  the  same  way,  for  each  pair  of  which  the  attraction  is  equal 
and  opposite,  and  so  the  particle  experiences  no  resultant  at- 
traction in  any  direction.  The  proposition,  that  a  hollow  shell 
of  gravitating  matter  exerts  no  resultant  attraction  upon  a  par- 
ticle placed  within,  is  therefore  proved. 
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138.  The  Weight  of  a  Body  at  a  Point  in  the  Interior  of  the 
Earth.  When  a  particle  of  matter  is  situated  in  the  interior 
of  the  earth,  as,  for  instance,  at  the  bottom  of  a  deep  mine,  Fig. 
89,  it  may  be  conceived  as  being  upon 
the  inside  of  a  hollow  shell,  the  thick- 
ness of  which  is  everywhere  equal  to 
the  depth  of  the  mine,  and  also  upon 
the  outside  of  a  smaller  sphere,  the 
radius  of  which  is  the  distance  of  this 
particle  from  the  center  of  the  earth. 
Inasm.uch  as  the  exterior  shell,  by  the 
preceding  demonstration,  exerts  no 
resultant  attraction  upon  the  particle, 
the  weight  of  the  particle  is  due 
solely  to  the  attraction  of  this  smallr 


Fig.  S9.  The  weight  of  a  body 
inside  the   earth. 


er  sphere. 


If    -  ^  r 
3 


d       represents  the  mass  of  the  earth,  and 


r  its  radius,  and    -  ■^  /• 
3 


d  the  mass  of  the  smaller  sphere,  and 


r'  its  radius,  where  d  is  the  density,  and  if  w  represents  the 
weight  of  the  body  m  at  the  surface  of  the  earth,  and  w'  its 
weight  at  the  interior  point,  then 


or 


r 4  7'"  r"  d  .  m     4    "^  r     d  .  m 

~3  r'  '  3  /' 


w    =  r  :  r  . 


From  this  it  is  seen  that  at  a  point  in  the  interior  of  the  earth 
the  weight  of  a  body  varies  directly  as  the  distance  of  that  point 
from  the  center. 

139.  The  Theory  of  Gravitational  Potential.  "We  have  seen 
(p.  120)  that  when  a  body  has  been  lifted  against  the  force  of 
gravity  work  has  been  done  upon  it;  and  because  of  the  work 
so  performed,  the  body  possesses  an  energy  of  position  equiva- 


152  GRAVITATION    AND    GRAVITY, 

lent  in  amount  to  the  work  that  was  expended  in  bringing  it 
to  this  height.  The  elevated  position  of  the  body  then  denotes 
a  store  of  potential  energy  in  the  body.  Before  this  energy 
could  exist,  however,  and,  therefore,  before  the  body  was  brought 
to  this  elevation,  the  condition  at  this  point  in  space  was  such 
that  the  body,  when  it  should  be  brought  to  this  point,  would  then 
possess  potential  energy.  From  this  it  follows  that,  due  to  the 
presence  of  the  earth,  every  point  in  space  in  the  region  about 
the  earth  possesses  an  attribute  of  such  nature  that  matter,  when 
placed  at  that  point,  will  possess  potential  energy.  This  condi- 
tion at  a  point,  in  v'irtue  of  which  matter  will  possess  potential 
energy  when  placed  at  that  point,  is  known  as  potential.  It  is 
to  be  observed  that  the  energy  is  not  present  until  matter  is 
actually  there;  the  potential,  however,  exists  whether  matter  is 
there  or  not,  for  it  is  a  characteristic  of  the  point,  and  is  en- 
tirely independent  of  matter. 

The  measure  of  the  potential  at  a  point  is  the  number  of  ergs 
of  potential  energy  that  the  unit  mass  will  have  when  placed 
at  that  point ;  that  is,  it  is  the  number  of  ergs  of  work  that  will 
be  required  to  bring  the  unit  mass  from  the  surface  of  the  earth 
to  that  point.  If  this  mass  were  lifted  to  a  higher  point,  more 
work  would  have  to  be  done  upon  it,  and  it  would  then  possess 
a  greater  amount  of  energy.  The  attribute  of  a  higher  point 
is  such  as  to  give  the  mass  greater  energy  when  placed  at  that 
point.  Therefore,  the  farther  from  the  surface  of  the  earth 
the  point  is  taken,  the  higher  is  the  potential  of  that  point, 

140.  Equipotential  Surfaces.  If  equal  amounts  of  work  are 
done  upon  equal  masses  in  lifting  them  from  the  surface  of  the 
earth,  the  masses  will  then  possess  equal  amounts  of  potential 
energy.  The  potentials  of  the  points  to  which  the  masses  are 
carried  will,  accordingly,  be  equal  to  one  another,  that  is,  these 
points  will  then  have  the  same  potential.  There  are,  therefore, 
near  the  surface  of  the  earth,  an  infinite  number  of  points  such 
that  the  potential  of  any  one  is  the  same  as  that  of  any  other. 
Through  all  points  that  have  a  common  potential  it  is  possible 
to  lay  a  surface.  Fig,  90;  and  a  surface  thus  connecting  all 
points  at  the  same  potential  is  called  an  equipotential  surface. 
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Fig.   90.   Equipotential   surfaces  about  the 
earth. 


Since  all  points  outside  this  surface  have  a  potential  higher 
than  the  surface  itself,  it  is  possible  to  find  among  these  exterior 
points  a  number  that  have  a  common  potential  among  themselves. 
Through  all  these  points  an- 
other equipotential  surface 
may  be  laid,  over  which  the 
potential  is  constant  and 
higlier  in  value  than  on  the 
interior  equipotential  sur- 
face. It  is  obvious  that 
equipotential  surfaces  can 
never  touch  one  another, 
for  if  they  were  to  intersect, 
the  point  or  points  where 
they  came  together  would 
then  have  two  potentials, 
which  is  impossible. 

Equipotential        surfaces 
have  unit  difference  of  potential  between  them  when  on  erg  of 
work  is  required  to  carry  the  unit  mass  from  one  surface  to  the 
-other. 

141.  The  Work  Done  in  Carrying  a  Body  From  One  Equi- 
potential Surface  to  Another.  Since  the  energy  of  a  body  is 
the  same  at  one  point  of  an  equipotential  surface  as  at  any  other 
point  on  the  same  surface,  no  work  is  performed  against  the 
force  of  gravity  in  moving  a  body  along  an  equipotential  sur- 
face. The  direction  of  the  force  of  gravity,  therefore,  is  always 
at  right  angles  to  the  equipotential  surfaces.  From  this  it  fol- 
lows that  when  a  body  is  carried  from  one  equipotential  surface 
to  another,  the  work  done  is  independent  of  the  path,  and  de- 
pends only  upon  the  force  of  gravity  at  that  point,  and  upon 
the  perpendicular  distance  between  the  two  surfaces. 

This  is  so  because  any  motion  however  irregular  may  be 
resolved  into  two  components,  one  of  which  is  perpendicular  to 
the  equipotential  surfaces,  and  the  other  of  which  is  parallel 
to  these  surfaces.  Since  no  work  is  performed  against  the  force 
of  gravity  in  moving  a  body  parallel  to  an  equipotential  surface, 
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the  entire  work  is  done  by  the  force  of  gravity  acting  along  the 
component  of  the  path  that  is  perpendicular  to  these  surfaces. 
The  work  done,  therefore,  in  carrying  a  body  from  one  equipo- 
tential  surface  to  another  is  independent  of  the  path  along  which 
the  body  is  carried. 

142.  The  Center  of  Gravity.  When  a  mass  of  matter  is  acted 
upon  by  gravity,  each  of  its  particles  is  attracted  towards  the 
center  of  the  earth.  Accordingly,  the  attraction  of  the  earth 
upon  each  particle  of  a  body  gives  rise  to  a  system  of  parallel 
forces  distributed  throughout  the  entire  mass.  Since  these  forces, 
moreover,  are  all  parallel  and  in  the  same  direction,  they  may 
be  compounded  into  a  single  resultant  equal  to  their  sum,  this 
resultant  being  the  weight  of  the  body,  Fig.  91.  The  weight 
of  a  body,  therefore,  is  the  resultant  of  the  system  of  parallel 

forces,  due  to  gravity,  acting  upon 
the  individual  particles  of  which  the 
body  is  composed.  Inasmuch  as  each 
of  these  forces  is  proportional  in  mag- 
nitude to  the  mass  of  the  particle 
upon  which  it  acts,  the  algebraic  sum 
of  the  moments  of  these  forces  about 
the  center  of  mass  of  the  body  must 
be  zero  (p.  91).  The  point  of  appli- 
cation of  this  resultant,  therefore, 
that  is,  the  point  of  application  of 
the  weight  of  a;  body,  coincides  in 
position  with  the  body's  center  of  mass  (p.  96),  and  is  known  as 
the  center  of  gravity.  If  the  entire  mass  of  the  body  were  con- 
centrated at  its  center  of  gravity,  the  resultant  effect  of  the  attrac- 
tion of  the  earth  upon  it  would  remain  unchanged  in  magnitude 
and  direction. 

143.  Conditions  for  Equilibrium.  The  straight  line  joining 
the  center  of  gravity  and  the  center  of  the  earth  is  known  as  the 
line  of  direction,  and  is  the  line  along  which  the  center  of  grav- 
ity would  move  if  the  body  were  allowed  to  fall  freely.  Ac- 
cordingly, if  the  center  of  gravity  of  a  body  is  supported,  the 
entire  body  is  supported ;  and  in  order  that  the  center  of  gravity 


W^ 


Fig.    91.  The    center    of 
gravity. 
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may  be  supported,  the  line  of  direction  must  fall  within  the  area 
of  the  base.  A  leaning  tower,  therefore,  is  stable,  because  its 
line  of  direction  falls  within  its  base,  Fig.  92 ;  but  if  the  tower 
were  higher,  or  if  it  leaned  at  an 
angle  so  great  that  the  line  of  di- 
rection were  to  fall  without  the 
base,  it  would  topple  over. 

The  falling  of  a  leaning  tower, 
and,  indeed,  the  falling  of  any  body 
whatever  until  its  center  of  gravity 
reaches  the  lowest  possible  position, 
serves  to  illustrate  the  principle  al- 
ready discussed,  (p.  122),  that  po- 
tential energy  tends  towards  a  mini- 
mum. It  is  because  the  earth  attracts  a  body  as  if  its  mass  were 
concentrated  at  its  center  of  gravity,  that  the  center  of  gravity 
always  tends  to  seek  the  lowest  possible  point.  If,  therefore,  the 
body  is  so  supported  that  any  movement  tends  to  raise  the  cen- 
ter of  gravity.  Fig.  93,  the  body  is  said  to  be  in  stable  equili- 
brium, since  the  center  of  gravity  has  already  reached  its  lowest 
point.  But  if  the  body  is  so  supported.  Fig.  94,  that  any  move- 
ment tends  to  lower 
the  center  of  gravity, 
this  point  has  not 
reached  its  lowest 
position,  but  will  do 
so  at  the  earliest  op- 
portunity, and  the 
body  is  in  unstable 
equilibrium.  A  body 
•jU^i^tabie  equi-  -^  jj^  indifferent  equil- 
ibrium Avhen  any 
movement  tends  neither  to  raise  nor  to  lower  the  center  of  grav- 

ity. 
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144.  Determination  of  the  Center  of  Gravity.  The  principle 
that  the  center  of  gravity  of  a  suspended  body  seeks  the  lowest 
possible  point,  and  is  found  vertically  below  the  point  of  sup- 
port, may  be  employed  to  determine  the  center  of  gravity  of  an 
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irregularly  shaped  body.     If  a  body  is  suspended  from  any  point, 

such  as  A,  Fig.  95,  the  center  of  gravity  seeks  the  lowest  possi- 

o  ble  position,  and  is  found 

somewhere  on  the  line  of 
directionurlD.  If  the  body 
is  now  suspended  from 
another  point,  such  as  B. 
the  center  of  gravity  is 
again  vertically  below 
the  point  of  support,  and 
is  found  somewhere  on 
the  line  of  direction  BE. 
Inasmuch      therefore,    as 

the  center  of  gravity  is  found  on  these  two  lines  of  direction,  it 

is.  found  at  their  point  of  intersection  C 


IfiG.   95.  The   determination   of  the   center  of 
gravity. 


CHAPTER  X, 


THE  PENDULUM 


145.  The  Simple  and  the  Compound  Pendulum — Definitions. 

A  pendulum  is  any  heavy  body  so  suspended  as  to  vibrate  freely. 
Of  the  various  pendulums  included  under  this  broad  definition, 
all  may  be  divided  into  two  classes  known  as  the  simple,  or 
mathematical,  pendulum,  and  the  compound,  or  physical,  pen- 
dulum. The  simple,  or  mathematical,  pendulum  may  be  defined 
as  a  single  material  particle  suspended  by  a  thread  without 
weight;  while  the  compound,  or  physical,  pendulum  is  any  ex- 
tended body  suspended  by  an  axis,  so  as  to  vibrate  freely  about 
that  axis  as  a  center.  It  is  evident  that  the  simple  pendulum 
has  no  actual  existence,  for  it  is  impossible  to  isolate  a  single 
material  particle,  or  to  suspend  such  a  particle  by  a  thread  with- 
out weight.  All  pendulums,  therefore,  with  which  we  have  to 
deal  are  really  compound. 

By  suspending  a  small  heavy  ball  by  a  very  fine,  light  thread, 
we  may,  however,  have  a  pendulum  that  conforms  very  closely 
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to  the  conditions  of  the  simple  pendulum.  If  we  consider  such 
a  pendulum,  the  ball,  or  ''bob",  will  move  upon  the  arc  of  a 
circle,  the  center  of  which  is  the  point  of  suspension,  and  the 
radius  of  which  is  the  length  of  the  pendulum.  The  length  of 
the  pendulum,  therefore,  is  the  distance  from  the  point  of 
suspension  to  the  center  of  the  ball,  or  bob.  The  position  of 
cquilihrium  of  the  pendulum  is  the  central  point  of  its  swing, 
that  is,  it  is  the  position  the  pendulum  assumes  when  at  rest. 
The  displacement  of  the  pendulum  at  any  moment  is  its  distance 
in  either  direction  from  the  point  of  equilibrium,  and  this  dis- 
tance of  course,  is  constantly  changing.  The  distance  from  the 
position  of  equilibrium  to  the  extremity  of  the  path  in  either 
direction  is  known  as  the  amplitude;  hence  the  amplitude  is  the 
greatest  possible  displacement.  The  period  of  the  pendulum  is 
the  time  required  for  a  complete,  or  double,  vibration,  that  is, 
for  a  full  swing  forward  and  back.  The  time  required  for  the 
penduluni__tQ^wing  simply  one  way  is  known  as  the  time  _Ql.a 
single  vibration,  or  an  oscillation. 

146.  The  Vibrations  of  the  Pendulum  Take  Place  v^dth  Har- 
monic Motion.  In  the  simple  pendulum,  or  in  the  pendulum 
approaching  as  closely  as  possible  to  the  simple  pendulum,  we 
see  that  wherever  in  its  path  the  heavy  bob  may  be,  it  is  acted 
upon  by  a  force  due  to  the  attraction  of  the  earth,  directed  verti- 
cally downward.  This  attraction  of  the  earth  for  the  bob,  that 
is,  the  weight  of  the  bob,  is  the  only  force  acting  on  the  pendu- 
lum ;  and  here,  as  always, 

Weight  = .  m  (7, 

where  m  is  the  mass  of  the  bob  and  g  the  acceleration  of  gravity. 
This  weight  of  the  pendulum  may  be  resolved  into  two  compo,- 
nents,  one  of  which,  F,  acts  in  the  direction  of  the  motion  of  the 
pendulum,  Avhile  the  other,  P,  acts  at  right  angles  to  this  direc- 
tion, that  is,  in  the  direction  of  the  length  of  the  thread.  The 
former  component,  F,  acting  at  each  point  in  the  direction  of 
motion,  is  alone  effective  in  producing  the  motion  of  the  pendu- 
lum, while  the  latter  component,  F,  simply  gives  rise  to  the  ten- 
sion in  the  thread,  and  in  no  way  affects  the  motion. 
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Since  the  force  F,  which  produces  the 
motion,  is-  always  a  component  of  the 
weight  mg,  it  is  clear,  Fig.  96,  that 

F         ■    . 
=  sin  ^ 

m  (/  ' 


or 


I""  =  rn  (J  sin  ^, 

where  B  is  the  angle  through  which  the 
pendulum  has  been  displaced  from  its  po- 
sition of  equilibrium.  If  the  angle  (9 
through  which  the  pendulum  vibrates  is 
very  small,   that  is,  if  it  does  not  exceed 

3°  or  4°,  the  angle  (9  may  be  used  instead  of  sin  ^,*  and  we  may 

write 


Fig.  96.  The  force  caus- 
ing the  pendulum  to 
vibrate  is  a  compo- 
nent of  the  weight. 


from  which  it  is  seen  that  F  is  directly  proportional  to  Q.  Since 
F  is  proportional  to  the  angle  0,  it  is  also  directly  proportional 
to  W,  that  is,  to  the  arc  mO.  The  are  IB,  or  mO,  however,  is  the 
displacement  of  the  particle  m  from  its  position  of  equilibrium  0. 


nlso 


sin  0  ,  or  m?!  =  Z  sin  C; 


arj  m  0  —  I  ^■. 


(p.  4S) 

Wlien  0  is  very  small,  the  arc  mO  is  very  nearly  equal  to  the  perpen- 
dicular mn,  and  these  two  become  more  and  more  nearly  equal  as  0  orrows 
smaller.     When  '^  is  so  small  that,  without  serious  error  we  mav  take 


then 


and 


perpendicular  mn  =  arc  mO, 

ls\ne  =  lO, 

sin  0=0 
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We  see,  therefore,  that  the  force  causing  the  pendulum  to 
vibrate  is  always  directed  towards  the  position  of  equilibrium, 
and  is  proportional  to  the  displacement.  But  this  is  the  law 
of  the  force  that  produces  harmonic  motion.  From  this  it  fol- 
lows that  when  the  amplitude  is  small,  the  movement  of  the 
pendulum  takes  place  with  harmonic  motion  and  the  vibrations 
are  isochronous. 

147.  Conservation  of  Energy  Illustrated  by  the  Pendulum. 
As  has  already  been  pointed  out  (p.  122),  the  swinging  of  the 
pendulum  illustrates  most  beautifully  the  conservation  of  energy 
in  a  closed  system,  and  also  the  transformation  of  energy  that 
is  continually  taking  place  from  potential  to  kinetic,  and  from 
kinetic  again  to  potential.  As  the  pendulum  is  moved  from  its 
position  of  equilibrium,  and  carried  to  the  extremity  of  its 
path,  work  must  be  done  against  gravity  in  lifting  the  bob,  and 
at  the  extremity  of  its  path  its  energy  is  entirely  potential.  As 
it  swings  towards  its  position  of  equilibrium,  it  loses  in  poten- 
tial energy  and  gains  in  kinetic  until  this  position  is  reached, 
when  its  energy  has  become  wholly  kinetic.  In  virtue  of  the 
store  of  kinetic  energy  it  then  possesses,  the  pendulum  will  lift 
itself  an  equal  distance  upon  the  farther  side,  and  at  this  point 
its  energy  has  again  become  entirely  potential. 

148.  The  Period  of  the  Penduium.  We  have  now  to  inves- 
tigate the  quantities  upon  which  the  time  of  vibration  of  the 
pendulum  depends.  Since  the  pendulum  vibrates  with  harmonic 
motion,  its  time  of  vibration  T  is  the  same  as  the  period  of  a 
particle  executing  harmonic  motion,  that  is    (p.  74), 


displaopnient. 
acceleration 


The  displacement  of  the  pendulum  at  any  point,  Fig.  97,  is 
the  length  of  the  arc  from  the  position  of  equilibrium  to  that 
point,  or 

displacement  ==  — W, 
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gcose 


Fig.  97.  The  acceleration  of 
the  pendulum  is  a  compo- 
nent of  g. 


where  6  is  the  angle  of  displacement. 
The  total  acceleration  g,  acting  on  the 
liob,  may  be  resolved  into  two  com- 
ponents, one  of  which,  g  sin  6,  acts  in 
the  direction  in  which  the  bob  is  mov- 
ing, thus  changing  its  motion,  while 
the  other,  g  cos  6,  acts  at  right  angles 
to  this  direction,  and  therefore  does 
not  influence  the  motion.  Since  the 
displacement  of  the  pendulum  is 


-le, 


and  the  only  acceleration  affecting  its- 
motion  is 


g  sin  9, 

we  may  substitute  these  values  in  the  expression  for  the  period 
given  above,  and  obtain 


T^%ir^ 


lO 


g  sin  6 


If  we  confine   the  vibrations  of  the  pendulum   to  very  small 
amplitudes,  sin  6  is  so  nearly  equal  to  6  that  we  may  again  write 

sin  0=6, 

and  the  time  of  vibration,  or  the  period,  of  the  pendulum,  be- 
comes 


^     U9 


or 


r=2-V/' 


l/ 


^^ 
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149.  The  Laws  of  the  Pendulum.  Inasmuch  as  the  above 
expression  for  the  period  contains  the  only  quantities  that  affect 
the  time  of  vibration,  the  following  laws  of  the  pendulum,  which 
were  first  announced  by  Galileo,  may  all  be  deduced  from  this 
single  equation: 

1.  The  time  of  vibration  is  directly  proportional  to  the 
square  root  of  the  length  of  the  pendulum. 

2.  The  time  of  vibration  is  inversely  proportional  to  the 
square  root  of  the  acceleration  of  gravity. 

3.  The  time  of  vibration  is  independent  of  the  mass  of  the 
pendulum,  since  the  mass  does  not  enter  into  the  above  expres- 
sion for  the  period. 

4.  The  time  of  vibration  is  independent  of  the  amplitude 
when  this  is  small,  since  the  amplitude  likewise  does  not  enter 
into  the  above  expression.  This,  however,  is  true  only  when  the 
vibrations  are  so  small  that  we  may  assume  sin  6  =:  6,  and  this 
approximation  may  be  allowed  only  when  the  arc  of  swing  does 
not  exceed  3°  or  4°. 

150.  Determination  of  the  Acceleration  of  Gravity  by  the 
Pendulum.  Since  the  length  of  the  pendulum  and  the  acceler- 
ation of  gravity  are  the  only  variables  upon  which  the  period 
depends,  and  since  both  the  length  and  the  period  may  be  very 
exactly  measured,  the  acceleration  of  gravity  may  be  determined 
with  remarkable  accuracy  by  the  swinging  of  the  pendulum. 
By  re-writing  the  expression  for  the  period, 

^     u 

we  obtain 

4  TT-  / 

Because  of  the  extreme  accuracy  of  this  method,  the  pendulum 
is  carried  from  place  to  place  on  the  surface  of  the  earth,  and 
the  value  of  the  acceleration  of  gravity  is  determined  at  many 
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points.  "When  these  measurements  are  arranged  with  respect 
to  latitude,  allowances  being  made  for  the  variations  due  to 
elevation  above  the  sea-level  and  for  the  centrifugal  force,  the 
increase  of  gravity  towards  the  poles  is  at  once  observed,  and 
a  correct  estimate  of  the  form  of  the  earth  is  obtained, 

151.  Sympathetic  Vibrations.  A  most  interesting  phenome- 
non connected  with  the  swinging  of  the  pendulum  is  the  fact 
that  one  pendulum,  as  it  vibrates,  tends  to  set  in  vibration  an- 
other pendulum  of  the  same  period,  if  the  two  are  mounted 
upon  the  same  support.  This  phenomenon,  which  is  known  as 
that  of  sympathetic  vibrations,  may  be  explained  as  follows: 
The  vibrating  pendulum  communicates  a  very  small  movement 
to  the  support,  so  that  this  also  moves  back  and  forth  through 
an  extremely  small  amplitude.  This  movement  of  the  support 
is  thus  transmitted  to  the  second  pendulum  which  hangs  from 
it,  and  so  this  pendulum  likewise  receives  a  motion  forward  and 
back.  After  the  second  pendulum  has  completed  its  small  swing 
and  is  now  just  about  to  move  forward  again,  a  second  impulse 
comes,  tending  to  make  it  move  forward  a  second  time,  and  thus 
increase  the  motion  already  imparted  to  it.  This  process  will 
continue,  a  new  impulse  coming  each  time  the  second  pendulum 
is  about  to  move  forward,  until,  in  this  way,  the  first  pendulum 
has  communicated  a  very  considerable  motion  to  the  second. 
Inasmuch,  however,  as  the  law  of  the  conservation  of  energy 
must  hold  true,  the  energy  expended  in  setting  the  second  pen- 
dulum in  vibration  must  be  taken  from  the  store  of  energy  be- 
longing to  the  first.  Hence,  as  the  motion  of  the  second  pendu- 
lum increases,  that  of  the  first  decreases,  until  the  second 
pendulum  has  acquired  the  entire  motion  of  the  first,  when  the 
first  will  be  brought  to  rest.  This  whole  process  will  then  be 
repeated  in  the  reverse  order,  the  second  pendulum  setting  the 
first  in  vibration  and  ultimately  coming  to  rest  itself. 

152.  The  Compound  Pendulum.  "What  has  been  said  thus  far 
refers  more  especially  to  the  mathematical,  or  simple,  pendulum, 
while  the  pendulums  with  which  we  have  actually  to  deal  are 
always  compound.  Nevertheless,  it  is  most  interesting  to  con- 
sider that  the  compound  pendulum  may  be  used  for  every  pur- 
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pose  for  which  the  simple  pendulum  could  be  employed;  aiid 
even  the  expression  for  the  time  of  vibration  may  be  applied 
without  change  to  the  compound  pendulum.  This  application, 
however,  is  possible  only  when  we  consider  very  carefully  what 
is  meant  by  the  length  of  the  compound  pendulum,  for  evidently 
the  definition  of  the  length  of  the  simple  pendulum  may  in  no 
way  be  extended  to  the  compound.  Thus  it  becomes  necessary 
to  determine  in  the  compound  pendulum  a  distance  that  is  ex- 
actly equal  to  the  length  of  the  equivalent  simple  pendulum, 
that  is,  to  the  length  of  a  simple  pendulum  that  would  vibrate 
in  the  same  time  as  the  compound  pendulum.  This  distance, 
wiiich  is  known  as  tlie  equivalent  length  of  tlie  compound  pendu- 
lum, may  be  determined  by  the  following  consideration: 

153.  The  Center  of  Oscillation  of  the  Compound  Pendulum. 

As  the  compound  pendulum  vibrates,  each  of  its  particles  may 
be  considered  as  a  simple  pendulum  tending  to  vibrate  inde- 
pendently, those  near  the  point  of  support  striving  to  vibrate 
more  rapidly  than  the  pendulum,  and  those  farther  away  hav- 
ing a  natural  period  which  is  greater  than  that  of  the  pendulum. 
It  is  obvious,  therefore,  that  there  must  be  within  the  pendulum 
one  particle  that  tends  to  vibrate  neither  faster  nor  slower  than 
the  pendulum  vibrates  as  a  whole,  that  is,  one  having  the  same 
period  as  the  pendulum  itself.  In  other  words,  if  this  were  the 
only  particle  in  the  pendulum,  or  if  the  entire  mass  of  the 
latter  were  concentrated  at  this  point,  and  this  point  were  then 
connected  with  the  support  by  a  thread  without  weight,  its 
period  of  vibration  would  be  the  same  as  that  of  the  actual 
pendulum.  This  would  then  be  a  simple  pendulum,  the 
length  of  which  would  be  the  distance  from  the  point  of  sup- 
port to  this  point,  while  the  period  would  be  the  same  as  that 
of  this  compound  pendulum. 

A  point  such  as  this  exists  in  every  compound  pendulum, 
and  is  called  the  center  of  oscillation.  Accordingly,  the  center 
of  oscillation  of  a  compound  pendulum  is  that  point  within  the 
pendulum  at  which  the  entire  mass  of  the  pendulum  might 
be  concentrated  without  changing  the  time  of  vibration. 
From  this   we  see  that   the   length   of   the   compound   pendu- 
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lum  is  the  length  of  the  equivalent  simple  pendulum,  and  this  is- 
the  distance  from  the  point  of  support  to  the  center  of  oscilla- 
tion. It  is  this  distance,  then,  that  is  used  as  the  length  of  the 
pendulum  in  the  expression  for  the  time  of  vibration,  the  period 
of  this  equivalent  simple  pendulum  being  the  same  as  the  ob- 
served period  of  the  compound  pendulum. 

154.  The  Reversibility  of  the  Compound.  Pendulum.  It  re- 
mains, therefore,  simply  to  determine  the  distance  from  the 
point  of  suspension  to  the  center  of  oscillation,  or,  in  other 
words,  to  locate  the  exact  point  at  which  the  center  of  oscillation 
is  situated.  In  the  solution  of  this  problem,  we  are  aided  by  a 
remarkable  property  of  the  compound  pendulum,  namely,  the 
interchangeability  of  the  point  of  support  and  the  center  of 
oscillation.  That  is,  if  the  pendulum  is  reversed,  and  suspended 
from  an  axis  placed  at  its  center  of  oscillation,  so  that  the  former 
center  of  oscillation  becomes  the  new  point  of  support,  the 
former  point  of  support  will  then  be  found  at  the  new  center  of 
oscillation,  and  the  pendulum  so  reversed  will  vibrate  in  the 
same  time  as  it  did  in  its  original  position.  In  a  compound 
pendulum  therefore,  the  point  of  support  and  the  center  of  oscil- 
lation are  interchangeable;  and  when  the  pendulum  is  sup- 
ported from  one  of  these  points  the  center  of  oscillation  will  be 
found  at  the  other. 

The  practical  method,  therefore,  of  determining  the  exact 
position  of  the  center  of  oscillation  is  to  find  a  point  in  the  com- 
pound pendulum,  dynamically  differ- 
ent from  the  point  of  support,  such 
that  when  the  pendulum  is  reversed 
and  is  hung  from  this  point,  Fig.  98, 
it  will  vibrate  with  unchanged  period. 
This  point,  when  so  found,  is  the 
center  of  oscillation  of  the  compound 
pendulum;  and  the  distance  between 
this  point  and  the  point  of  support  is 
the  length  of  the  equivalent  simple 
pendulum,  that  is,  it  is  the  length  of 

^^ort^nTke^'Tn'tefoiZ-       ^  simple  peudulum  that  would  have 
cniation  are  interchange-       ^j^^  ^^^^  period  of  vibration  as  the- 
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■compound  i)endiilum.  Thus  the  compound  pendulum  may  be 
used  instead  of  the  simple  pendulum,  the  length  of  the  compound 
pendulum  being  the  distance  between  the  point  of  support  and 
the  center  of  oscillation. 

155.  Rotation  of  the  Earth  Shown  by  the  Pendulum — The 
Foucault  Pendulum.  Since  the  pendulum  is  a  body  rotating 
about  its  point  of  support,  the  moment  of  inertia  of  the  pendu- 
lum tends  to  maintain  unchanged  the  conditions  of  rotation, 
and  one  of  these  conditions  is  the  plane  in  which  the  pendulum 
vibrates.  A  pendulum,  therefore,  when  once  started,  tends  to 
continue  to  vibrate  in  the  same  plane,  that  is,  it  tends  to  main- 
tain its  original  plane  of  vibration.  Accordingly,  if  a  pendulum 
Avere  hung  above  the  north  pole  of  the  earth  and  set  in  vibration, 
it  would  remain  in  the  plane  of  vibration  in  which  it  was  started, 
and  the  earth  would  turn  under  it.  Since  the  earth  revolves 
from  Avest  to  east,  the  plane  in  which  the  pendulum  vibrates 
would  appear  to  rotate  from  east  to  west,  making  one  complete 
revolution  in  twenty-four  hours.  At  the  equator,  the  pendulum 
would  simply  be  carried  around  with  the  earth,  and  no  such 
apparent  rotation  of  its  plane  ojf  vibration  would  exist,  since  the 
earth  has  no  component  of  rotation  about  a  vertical  axis  at  the 
equator. 

At  a  point  intermediate  between  the  pole  and  the  equator,  we 
must  regard  the  rotation  of  the  earth  as  a  vector  quantity,  and 
must  consider  this  rotation  as  resolved  into  two  components, 
one  about  a  vertical  axis 
through  the  point  chosen,  and 
the  other  about  an  axis  at 
right  angles  to  the  first. 
Thus,  in  Fig.  99,  if  .V.S'  rep- 
resents the  axis  of  the  earth, 
and  M  the  point  on  the  sur- 
face at  which  the  pendulum 
is  suspended,  the  line  ON, 
which  coincides  in  direction 
with  the  axis,  may  be  taken 
to  represent  the  diurnal 
revolution      of      the      earth,  i 

This       actual       rotation       mayl     ^''"-  ^^-  Componontsj^f  the  eartl.-s  rota- 
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be  resolved  into  two  component  rotations,  one  OR  about 
a  vertical  axis  at  M,  and  the  other  OS  about  an  axis  at 
P,  the  former  of  these,  or  OB,  being  the  only  component  of  the 
earth's  rotation  that  affects  the  pendulum  at  i¥.  If  cf>  repre- 
sents the  latitude  of  31,  it  is  seen  that 

OB  =  ON  sin  <^. 

Accordingly,  if  the  pendulum  is  suspended  at  a  point  inter- 
mediate between  the  north  pole  and  the  equator,  the  plane  in 
which  it  vibrates  will  apparently  rotate  from  east  to  west,  but 
only  with  the  component  of  the  earth's  rotation  at  that  point. 
The  time,  therefore,  in  which  the  plane  of  the  pendulum  will 
make  one  complete  revolution  will  be  greater  than  twenty-four 
hours,  depending  upon  the  latitude  of  the  place.  The  nearer 
the  equator  the  point  is  taken,  the  smaller  is  the  component  of 
the  earth's  rotation  about  a  vertical  axis  through  that  point, 
and  the  longer  is  the  time  required  for  the  plane  of  the  pendu- 
lum to  make  one  complete  revolution. 

Foueault  of  Paris  was  the  first  to  perform  this  beautiful  ex- 
periment, demonstrating  the  rotation  of  the  earth,  and  this 
pendulum  since  that  time  has  been  known  as  the  Foueault  pen- 
dulum. Foueault  also  showed  that,  if  <^  represents  the  latitude 
of  the  place  where  the  pendulum  is  hung,  the  time  t  required 
for  the  plane  of  the  pendulum  to  make  one  complete  revolution 
is 
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FLUIDS 
CHAPTER  XI. 

LIQUIDS. 

156.  The  Characteristics  of  a  Fluid.  In  the  previous  con- 
sideration of  solid  bodies,  we  have  assumed  that  the  particles  of 
which  these  bodies  are  composed  have  a  fixed,  or  definite  posi- 
tion with  relation  to  one  another,  and  that  under  ordinary 
conditions  is  impossible  for  them  to  change  their  positions  with 
respect  to  other  adjacent  particles.  There  is,  however,  a  large 
class  of  bodies,  called  fluids,  the  particles  of  which  are  not  rigidly 
attached  to  one  another,  but  are  free  to  move  about  among  them- 
selvesi  whenever  a  force  acts  upon  them.  The  smaller  the  resist- 
ance these  particles  encounter  as  they  move,  or  attempt  to  move, 
the  more  nearly  perfect  is  the  fluid.  A  perfect  fluid,  therefore, 
is  one  the  particles  of  which  are  free  to  move  relatively  to  one 
another  in  obedience  to  the  slightest  unbalanced  force. 

Practically,  however,  it  is  found  that  all  known  fluids  offer  a 
certain  resistance,  not  unlike  friction,  to  the  motion  of  their 
particles,  and  hence  no  existing  fluid  may  be  regarded  as  per- 
fect. In  some  fluids,  the  cohesive  force  between  the  particles 
exists  to  a  less  degree  than  in  others,  and  so  bodies  differ  in  their 
degree  of  fluidity.  Water  is  a  fairly  fluid  substance,  alcohol  is 
more  completely  so,  and  ether  conforms  still  more  nearly  to  the 
definition  of  the  perfect  fluid.  Molasses,  sticky  oils,  shoemaker's 
wax,  etc.,  are  examples  of  the  more  viscous  fluids.  In  stamping 
a  coin,  the  metal  becomes  partially  fluid  under  the  excessive  pres- 
sure, and  its  particles  therefore  move  with  reference  to  one 
another;  that  is,  for  the  instant  of  time  during  which  the  pres- 
sure acts,  the  metal  becomes  semi-fluid,  and  actually  flows  into 
the  deeper  portions  of  the  die.  So,  also,  the  lower  rocks  in  the 
crust  of  the  earth,  under  the  pressure  due  to  the  weight  of  the 
overlying  strata,  are  folded  and  deformed,  and  become  exceed- 
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ingly  viscous  fluids,  slowly  yielding  and  flowing  in  obedience  to 
the  enormous  pressure  upon  them. 

If  we  apply  to  different  bodies  the  definition  of  a  fluid  here 
given,  we  shall  find  that  all  fluids  may  be  classified  broadly  into 
two  great  divisions,  namely,  liquids  and  gases.  Each  of  these 
groups  Avill  be  considered  in  turn,  and  the  characteristics  and 
laws  they  have  in  common,  as  well  as  the  respects  in  which  they 
differ,  will  be  pointed  out. 

157.  The  Interior  Pressure  is  Equal  in  all  Directions.  If  we 
•consider  a  small  portion  of  liquid  in  the  midst  of  a  larger  body 
'Of  liquid  at  rest.  Fig.  100,  we  shall  find  that  this  little  portion  is 
in  equilibrium,  even  when  a  pressure  is  applied  to  the  entire 

free  surface.     If  we  now  imagine   for  a 
moment  this  little  volume  to  become  hol- 
low, we  know  that  the  liquid  will  flow  in 
from  all  sides  to  fill  this  volume,  and  thus 
we  know  that  a    pressure   exists   upon  its 
sides,  tending  to  force  the  liquid  inward. 
This  same  pressure,  therefore,  must  have 
existed  before  the  little  volume  became  hol- 
low; but  as  this  volume  did  not  move,  we 
see  that  the  pressure  to  which  it  was  sub- 
jected in  one  direction  must  have  been  just 
counterbalanced  by  an   equal  pressure  in 
the      opposite      direction.        Accordingly, 
since  the  particles  of  a  liquid  at  rest  do  not 
move  with  respect  to  one  another,  it  must  follow  that  the  pres- 
sure upon  each  little  particle  must  be  the  same  in  all  directions. 
By  the  term  pressure  applied  to  a  liquid  or  a  gas  is  meant  the 
intensity  of  the  force  acting  on  unit  area. 

158,  The  Pressure  is  Normal  to  the  Sides  of  the  Containing 
Vessel.  The  great  mobility  of  the  particles  of  a  liquid  leads  us, 
furthermore,  to  the  important  conclusion  that  the  pressure  ex- 
erted by  a  liquid  upon  the  walls  of  the  containing  vessel  must 
always  be  perpendicular  to  the  sides  of  the  vessel.  If  this  pres- 
sure were  not  normal  to  the  sides,  it  would  be  in  some  other 
■direction,  as  ah  Fig.  101.     This  oblique  pressure  could  then  be 


FiOt.  100.  The  pressure 
in  a  liquid  is  equal 
in   all   directions. 
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Fig.  101.  The  pressure  is  per- 
pendicular to  the  sides  of 
tlie  vessel. 


resolved  into  two  components,  one  ac,  perpendicular  to  the  sides 
of  the  vessel,  and  the  other  ad,  parallel  to  these  sides.     The  com- 
ponent ac  could  produce  no  motion,  since  it  is  counterbalanced  by 
an  equal  pressure  in  the  opposite  di- 
rection,   due   to   the   rigidity   of   the 
vessel:    but    the    unbalanced    compo- 
nent ad  would  produce  a  motion  of 
the  particle  of  the  liquid  in  the  direc- 
tion from  a  to  d.    Since  the  particles 
of  a  liquid  do  not  move   along  the 
walls   of  the  containing  vessel,   it   is 
obvious  that  there  can  be  no  compo- 
nent of  the  pressure  parallel  to  these 
walls,  and  hence  the  entire  pressure 
must    be    perpendicular.      Therefore, 

the  pressure  exerted  by  a  liquid  upon  the  sides  of  the  contain- 
ing vessel  is  everywhere  perpendicular  to  these  sides. 

159.  External  Pressure — Pascal's  Law.  AVhen  the  result  of 
any  pressure  upon  a  liquid  is  considered,  it  is  found  that  there 
are  two  conditions  under  which  this  pressure  may  exist ;  namely, 
the  pressure  applied  to  a  liquid  from  some  external  source,  and 
the  pressure  upon  the  particles  of  a  liquid  due  to  the  weight  of 
the  liquid  itself.  Each  of  these  conditions  will  be  considered  in 
turn. 

In  investigating  the  application  of  an  external  pressure  upon 
a  liquid,  it  is  usual  to  neglect  the  weight  of  the  liquid,  that  is, 
we  may  consider  the  liquid  with  which  we  are  dealing  as  weight- 
less, since,  in  general,  its  weight  is  small  as  compared  with  the 
intensity  of  the  pressure. 

If  we  imagine  a  closed  reservoir  filled  with  liquid,  and  a  little 
cylinder  provided  with  a  piston  inserted  in  this  reservoir,  a 
pressure  applied  to  the  piston  will  be  transmitted  undiminished 
to  the  particles  of  liquid  immediately  beneath.  As  these  particles 
attempt  to  move,  they  exert  a  pressure  upon  the  particles,  ad.iarent 
.  to  them,  these  press  upon  other  particles,  and  so  on.  until  this 
pressure  is  transmitted  undiminislied  to  eveiy  portion  of  the 
reservoir  equal  in  area  to  the  area  of  the  piston.  This  principle 
of  the  transmission  of  pressure,  which  is  true  for  gases  as  well 
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as  for  liquids,  was  first  announced  by  Pascal,  and  is  knoAvn  as. 
Pascal's  law.  Pascal's  laiv  declares,  therefore,  tJmt  the  pressure 
applied  to  a  fluid  is  transmitted  equally  in  all  directions. 

If  the  reservoir  is  provided  with  another  cylinder  and  another 
piston  similar  to  the  first  and  of  equal  area,  Fi^.  102,  this  second 
piston  will  be  forced  out  with  a  pressure  equal  to  the  pressure 
applied  to  the  first.  If  a  third  cylinder  and  piston  similar  in 
every   way   to    the    second    is   placed    adjacent   to'i   the   latter, 

a  pressure  will  also  be 
developed  upon  this 
piston  equal  to  the  pres- 
sure applied  to  the  first. 
If  these  two  pistons  are 
now  united,  the  result 
will  be  a  single  piston 
of  double  the  area  of 
the  first,  and  upon  this 
larger  piston  there  will 
be  developed  a  total 
pressure  twice  as  great 
as  that  exerted  upon 
the  first.  By  this  means 
a  small  pressure  ex- 
erted upon  a  small 
piston  may  be  made  to  develop  a  large  pressure  upon  a  large 
piston,  the  ratio  of  these  two  pressures  being  the  ratio  of  the 
areas  of  the  two  pistons,  as  in  the  hydrostatic  press. 

160.  The  Principle  of  the  Hydrostatic  Press.  The  hydrostat- 
ic press  consists  of  a  large  cylinder  connected  with  a  small  one, 
each  filled  with  a  liquid,  and  each  provided  with  a  piston,  Fig. 
103.  If  a  pressure  is  applied  to  the  small  piston,  this  pressure 
will  be  transmitted  undiminished  to  every  equal  area  through 
the  liquid.  The  total  pressure  upon  the  larger  piston  will  then 
be  as  many  times  greater  than  that  applied  to  the  smaller  as  the 
area  of  the  larger  piston  exceeds  that  of  the  Smaller,  This 
is  an  illustration  of  the  principle  already  announced  (p.  123), 
that  a  small  force  is  able  to  create  a  very  large  force,  and  that 
there  is  no  such  law  as  the  conservation  of  force. 


Fig.  102.  The  pressure  is  transmitted  equally 
in  all  directions — Pascal's  law. 
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The  worli  done  by  the  small  force  acting  upon  the  small  piston, 
however,  is  in  every  respect  equal  to  that  performed  by  the 
larger  force  upon  the  larger 
piston,  and  the  law  of  the 
conservation  of  energy  is 
obeyed.  In  other  words,  the 
product  of  the  force  applied 
to  the  smaller  piston  and  the 
distance  through  which  this 
force  moves  is  equal  to  the 
product  of  the  force  acting 
upon  the  larger  piston  and 
the  distance  through  which 
it  moves.  It  follows,  there- 
fore, that  the  distances 
through  which  the  pistons  move  are  inversely  as  their  areas. 

161.  PrcEsure  due  to  Gravity — The  Surface  of  a  Liquid  is 
Normal  to  the  Resultant  Force.  When  we  now  consider  the 
pressure  upon  a  liquid  due  to  gravity,  that  is,  to  its  own  weight, 
the  first  point  apparent  is  the  fact  that  the  surface  of  the 
liquid  is  horizontal.  If  this  were  not  so,  it  would  have 
in  some  other  form,  as  for  instance,  that  shown  in  Fig.  104.    A 

particle  of  liquid  at  the  sur- 
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face  is  acted  upon  by  the 
force  of  gravity,  and  this 
force  may  be  resolved  into 
two  components,  one  acting 
parallel  to  the  surface,  and 
the  other  perpendicular 
thereto,  and  of  these,  the 
component  parallel  to  the 
surface  would  cause  the  par- 
ticle of  liquid  to  move.  In- 
asmuch, however,  as  the  sur- 
face of  a  liquid  does  not 
move,  we  see  that  there  can  be  no  component  of  the.  force  of 
gravity  acting  in  this  direction,  and  hence  the  entire  force  of 


Fig.  104.  The  free  surface  of  a  liquid  at 
rest  is  horizontal. 
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gravity  must  act  perpendicularly  to  the  surface,  or,  in  other 
words,  the  free  surface  of  a  liquid  at  rest  is  horizontal. 

A  beautiful  illustration  of  the  principle  that  the  surface  of 

a  liquid  in  equilibrium  is  always  perpendicular  to  the  resultant 

of  all  the  forces  acting  upon  it,  may  be  seen  in  the  form  assumed 

by  the  surface  of  water  in  a  rotating  vessel,  Fig.   105.     Each 

'particle  of  the  liquid  is  then  acted  upon  by  two  forces:   one. 

the  force  of  gravity  acting 
vertically  downward ;  and 
the  other,  the  centrifugal 
force  acting  horizontally 
outward,  the  latter  being 
equal  and  opposite  to  the 
centripetal  force  that  causes 
the  liquid  to  move  in  its  cir- 
cular path.  The  vertical 
force  due  to  gravity  is  the 
same  upon  all  equal  parti- 
cles, but  the  horizontal  cen- 
trifugal force  is  different  at 
different  points,  becoming 
greater  as  the  distance  of  the 
particles  from  the  axis  of  rotation  increases.  These  two  forces 
combine  to  form  a  resultant,  and  this  resultant,  which  is  differ- 
ent at  different  points  both  in  direction  and  magnitude,  is 
everywhere  perpendicular  to  the  surface.  The  surface  then  as- 
sumes a  parabolic  form,  and  is  thus  in  complete  equilibrium, 
being  everywhere  perpendicular  to  the  resultant  of  the  forces 
acting. 

162.  The  Pressure  is  Proportional  to  the  Depth.  When  a 
liquid  is  at  rest,  a  particle  beneath  the  surface  must  sustain  the 
weight  of  the  column  of  liquid  above  it ;  and  so,  if  two  particles 
are  taken  at  different  depths,  the  pressure  upon  the  lower  one 
is  greater  than  that  upon  the  upper.  From  this  principle  is 
derived  the  law  that  tlie  yressnre  withm  a  liquid  is  proportional 
to  the  depth. 

If  two'  particles  are  taken  at  the  same  depth,  Fig.  106,  the 
height  of  the  column  of  liquid  above  each  particle  is  the  same 
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Fig.  105.   The  surface  of  a  liquid   is  per- 
pendicular to  the  resultaut  force. 
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and  hence  the  pressure  at  one  of  tliese  points  mvist  be  the  same 
as  that  at  the  other.  From  this  consideration  is  derived  the 
further  law  that  the  pressure  at  all  points  of  the  same  horizontal 
level  is  the  same.  If  the  pressure 
were  not  the  same  at  points  of  the 
same  horizontal  level,  a  flow  of  the 
liquid  would  take  place  until  the 
height  of  the  column  of  licjuid  above 
one  point  were  the  same  as  that 
above  another ;  that  is,  until  the  sur- 
face of  the  liquid  Avere  horizontal. 
A  fountain,  therefore,  will  rise, 
friction  and  the  resistance  of  the  air 
being-  neglected,  until  the  water 
reaches  the  level  of  the  original' 
source.  Upon  this  principle  depends 
also  the  action  of  the  water  level. 


■  ;.    lOG    The   in'essnro   i.i 
croasi's  wit]i  the  depth 


163.  Pressure  upon  the  Base  of  a  Vessel  Filled  with  Liquid. 

It  is  now  necessary  to  determine  the  pressure  due  to  gravity 
upon  the  base  of  a  vessel  filled  with  liquid.  In  the  solution  of 
this  problem,  it  is  important  to  consider  three  cases,  depending 
upon  the  inclination  of  the  walls  of  the  vessel  to  the  base; 
1,  when  the  walls  of  the  vessel  are  vertical;  2,  when  the  walls 
are  flaring  outward,  the  vessel  being  wider  at  the  top  than  at 
the  base ;  3,  when  the  walls  are  contracted  towards  the  top,  the 
vessel  then  being  narrower  at  the  top  than  at  the  base. 

Let  us  assume  in  the  first  instance,  that 
the  walls  of  the  vessel  are  vertical,  Fig. 
107,  that  the  base  has  an  area  of  A 
square  centimeters,  that  the  depth  of  the 
liquid  is  /(  centimeters,  and  that  the 
Aveight  of  one  cubic  centimeter  of  the 
liquid  is  w  grams.  Each  square  centi- 
meter of  the  base  must  then  sustain  the 
actual  Aveight  of  the  column  of  liquid 
above  it,  or  hw  grams.  Therefore  the 
entire  base,  which  has  an  area  of  A 
square  centimeters,   must  sustain  a  total  pressure  A   times  as 


2Z^ 


^ 


'/yy'^  /y'^y'y'y'.'J  y'//7 


Fh;.  107.  With  vortical 
sides  the  pressure  on 
the  base  is  the  actual 
weight  of  the  liquid. 
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.great,  or  AJiw  grams.  But  this  is  the  actual  weight  of  the  ii'iuid 
contained  in  the  vessel.  Accordingly,  in  a  vessel  with  vertical 
sides,  the  pressure  upon  the  base,  due  to  the  weight  of  the  liquid 
is  equal  to  the  weight  of  the  liquid  contained. 

In  the  second  instance,  we  have  to  deal  with  a  vessel,  the  sides 
of  which  diverge  towards  the  top,  so  that  the  vessel  is  wider  at 
the  top  than  at  the  base.  Here  again,  if  the  area  of  the  base 
and  the  depth  of  the  liquid  are  the  same  as  before,  the  pressure 
upon  one  square  centimeter  of  the  base  is  liw  grams,  and  there- 
fore, the  total  pressure  upon  the  entire  base  is  Ahw  grams,  or 
exactly  what  the  pressure  upon  the  base  would  have  been  if 
the  vessel  had  had  vertical  sides. 

The  truth  of  this  will  appear  the  more  obvious  if  we  consider 
that  the  pressure  P'  of  the  liquid  at  any  point  against  the  flar- 
ing sides  of  the  vessel,  Fig.  1'08,  is  equal  to  the  w^eight  of  the 
column  of  liquid  one  square  centimeter  in  cross-section  vertically 
above  that  point,  and  that  this  pressure  is  everywhere  perpen- 
dicular to  the  sides.  Because  of  the  rigidity  of  the  vessel,  the 
sides  exert  an  equal  pressure  P  in  the  opposite  direction  upon 

^___^_^       the    adjacent    particles 

"^  _h     If        of  the  liquid.     The  lat- 

^^^^^^tr^^^^^^'^^c^^^^f  solved  at  each  point  in- 

JwM^^^  ^^"^^W^^^(^^  to    a    horizontal   and    a 

P-*"^  ^^^^^f^^^r-^-=:r^  ^        vertical  component,  each 

y}///,','/// /('('<' ("^  horizontal  component  K 

Fig.  lOS.  The  flaring  sides  sustain  the  weight         linlrliTio'     in     onniliTiT'imTn 
of  the  liquid  above  them.  noiumg     in     equuiurium 

an  equal  horizontal  com- 
ponent from  the  opposite  side  of  the  vessel,  and  each  vertical 
component  Y  sustaining  the  vertical  component  of  the  pressure 
-due  to  the  weight  of  the  liquid  directly  above  it. 

If  these  vertical  components  are  summed  up  for  the  entire 
area  of  the  sloping  sides,  it  will  be  found  that  their  sum  is 
exactly  equal  to  the  weight  of  the  liquid  immediately  above 
these  sides,  as  may  be  seen  from  the  following  demonstration: 

Remembering  that  the  pressure  P  is  the  jorce  per  unit  area 
exerted  by  the  sides,  and  that  V  is  therefore  the  vertical  com- 
ponent of  this  force  T>(">'  unit  area,  we  see  that  the  total  upward 
pressure  which  the  sides  exert  is 
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BV, 

where  B  denotes  the  area  of  the  sloping  sides.  Moreover,  if  h 
is  the  area  of  the  horizontal  liquid  surface  vertically  above  these 
sides,  we  have,  from  similar  triangles, 

P   "  B' 

or 

B  V  =  h  P. 

But  S  y  is  the  total  vertical  pressure  which  the  sides  exert,  and 
h  P  is  the  weight  of  the  liquid  above  these  sides,  since  h  is  the 
number  of  square  centimeters  in  the  surface  of  this  liquid,  and 
P  is  the  weight  of  the  column  below  each  square  centimeter.  It 
follows,  therefore  that  the  sloping  sides  exert  an  upward  pres- 
sure upon  the  liquid  equal  to  the  weight  of  the  liquid  immedi- 
ately above  them.  In  other  words,  the  sloping  sides  uphold 
the  weight  of  the  liquid  vertically  above  these  sides,  so,  that  the 
only  pressure  which  the  base  sustains  is  the  weight  of  the  liquid 
vertically  above  the  base.  The  pressure  upon  the  base,  there- 
fore, is  exactly  the  same  as  it  would  be  if  the  vessel  had  vertical 
sides;  that  is,  it  is  the  weight  of  a  column  of  the  liquid,  the 
cross-section  of  which  is  the  area  of  the  base,  and  the  height  of 
which  is  the  depth  of  the  liquid.  Moreover,  the  total  pressure 
upon  the  base  of  a  vessel  with  flaring  sides,  due  to  the  weight  of 
the  liquid,  is  thus  seen  to  be  less  than  the  weight  of  the  liquid 
contained  in  the  vessel. 

If,  in  the  third  instance,  the  sides  of  the  vessel  contract 
towards  the  top,  we  shall  see  that  the  pressure  upon  the  base, 
A,  is  again  the  same  as  it  would  have  been  if  the  sides  had  been 
vertical,  and  the  vessel  had  been  filled  with  liquid  to  the  same 
depth  h.  This  will  be  at  once  understood,  Fig.  109,  if  we  seleet- 
a  square  centimeter  a,  under  the  sloping  sides  of  the  vessel,  and 
investigate  the  pressure  that  actually  exists  upon  it.  The  total 
do\\Ti\vard  pressure  upon  the  area  a  is  the  weight  of  the  column 
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Fig.  109.  Pressure  on  the 
base  greater  than  the 
weight    of    the    liquid. 


of  liquid  ah  vertically  above  it,  plus  whatever  downward  pres- 
sure exists  at  6.  At  &  the  pressure  must  be  the  same  as  the 
pressure  at  c,  since  h  and  c  are  points  at  the  same  horizontal 
level.  The  pressure  at  c,  and  therefore 
also  the  pressure  at  h,  is  the  weight  of 
the  column  of  liquid  cd.  Accordingly, 
the  pressure  at  a  is  the  weight  of  the 
column  of  liquid  ah  plus  the  weight  of 
the  column  of  liquid  cd,  that  is,  (ah  -f- 
cd)w,  or  ]iw.  A  similar  analysis  may 
be  applied  to  each  square  centimeter  of 
the  base,  from  which  it  is  evident  that 
the  entire  pressure  upon  the  base  of  A 

square  centimeters  is  Ahw,  or  exactly  what  it  would  have  been 

if  the  sides  had  been  vertical. 

We  may  perhaps  see  this  more  exactly  by  reference  to  Fig.  110, 

in  which,  as  before,  P'  represents  the  pressure  of  the  liquid  at 

a  given  point  against  the  sloping  sides, 

and  P  is  the  equal  and  opposite  pressure 

which  the  sides  exert  upon  the  liquid 

P  is  tlierefore  equivalent  in  magnitude 

to  the  weight  of  a  colunm  of  the  liquid 

1  square  centimeter  in  cross-section,  and 

of  a  height  equal  to  the  depth  of  the 

liquid  at  that  point.    As  before,  P  is  re- 
solved  into  a  horizontal   component   H 

and  a  vertical  component  V,  the  horizontal  component  being 

held  in  equilibrium  by  an  equal  component  from  the  opposite 

side,  and  the  vertical  component  V  being  transmitted  to  the 

bottom  of  the  vessel. 

Since  this  is  the  pressure  that  is  transmitted  from  one  square 

centimeter  of  the  side,  it  is  evident  that 


Fig.  110.  The  sloping  sides 
transmit  a  pressure  to> 
the  base. 
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represents  the  total  pressure  which  the  entire  sides  transmit  to 
the  base,  where  B  is  the  number  of  square  centimeters  in  the 
area  of  the  sides.  If  h  is  the  horizontal  area  vertically  over  the 
sides  at  the  level  of  the  liquid,  we  have,  by  similar  triangles, 
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or 


n  V=b  J\ 

Here  B  V,  as  shown  above,  is  the  pressure  which  the  sides  trans- 
mit to  the  base,  and  b  P  is  the  weight  of  the  liquid  which  would 
till  the  volume  above  the  sloping  sides  if  the  walls  of  the  vessel 
had  lieen  vertical.  This  is  true  since  J)  is  the  number  of  square 
centimeters  of  additional  surface  "which  the  liquid  would  then 
have  had,  and  P  is  the  weight  of  the  column  of  the  liquid  below 
each  of  these  square  centimeters. 

Tn  other  words,  the  sloping  sides  of  the  vessel  exert  upon  the 
liquid  a  downward  pressure  whieli  is  transmitted  to  the  base  of 
the  vessel,  this  pressure  being  equal  to  the  weight  of  the  liquid 
which  would  have  been  above  the  present  sides,  if  the  walls  of 
the  vessel  had  been  vertical  and  not  sloping.  From  this  it  fol- 
lows that,  in  the  case  of  a  vessel  contracted  towards  the  top, 
the  pressure  upon  the  base,  due  to  the  weight  of  the  liquid  is 
equal  to  the  pressure  which  would  have  existed  if  the  vessel  had 
had  vertical  sides,  and  is  therefore  greater  than  the  weight  of 
the  liquid  which  the  vessel  actually  contains. 

If  these  three  vessels  have  bases  of  equal  area,  and  are  filled 
with  the  same  liquid  to  the  same  depth,  the  pressure  upon  the 
base  of  one  is  exactly  equal  to  the  pressure  upon  the  base  of 
either  of  the  others.  In  all  ca<5es,  therefore,  the  pressure  upon 
the  base  of  a  vessel  filled  with  liquid  is  equal  to  the  weight  of  a 
column  of  the  liquid,  the  cross-section  of  which  is  equal  to  the 
area  of  the  base  and  the  height  of  which  is  equal  to  the  depth 
of  the  liquid. 

The  pressure,  therefore,  upon  the  base  of  a  vessel,  due  to  the 
weight  of  the  liquid  contained,  may  be  equal  to  the  weight  of 
the  liquid,  may  be  less  than  the  weight  of  .the  liquid,  or  may 
be  greater  than  the  weight  of  the  liquid,  depending  upon  the 
shape  of  the  vessel.     This  is  known  as  the  hydrostatic  paradox. 
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164.  The  Upward  Pressure  in  a  Fluid.  In  the  previous  pages, 
it  has  been  seen  that  when  liquids  are  influenced  by  gravity 
alone,  every  liquid  particle  in  the  midst  of  a  body  of  liquid  must 
sustain  a  pressure  equal  to  the  weight  of  the  column  of  liquid 
above  it.  The  pressure  upon  any  liquid  area  beneath  the  sur- 
face of  a  fluid  is  then  equal  to  the  weight  of  a  column  of  liquid, 
the  cross-section  of  w^hich  is  the  area  considered,  and  the  height 
of  which  is  the  depth  of  this  area  beneath  the  surface.  But  as 
this  little  imaginary  liquid  area,  is  in  equilibrium,  it  is  evident 
that  this  downward  pressure  must  be 
counterl)alanced  by  an  equal  upward 
pressure.  In  fact,  since  the  particles 
of  the  liquid  are  everyw^here  in  equilib- 
rium, the  pressure  in  one  direction 
must  be  equal  to  the  pressure  in  every 
other  direction,  and  hence  there  must  be 
also  a  pressure  upward.  This  pressure 
upward  becomes  apparent  when  the 
downward  pressure  is  removed.  Fig. 
Ill,  as  Avhen  a  cardboard  disc,  held  over 
the  open  end  of  a  tube,  is  immersed  in 
the  liquid.  The  pressure  of  the  liquid  up- 
ward against  the  cardboard  disc  will  press  the  disc  against  the 
open  end  of  the  tube,  and  prevent  the  liquid  from  entering. 


Fig.  111.  The  upward  pres- 
sure in  a  liquid. 


165.  The  Principle  of  Arcliiniedes.  If  a  body  in  the  form  of 
a  parallelepiped  is  entirely  immersed  in  a  liquid,  the  upper 
surface  of  the  body  being  parallel  to  the  surface  of  the  liquid, 
the  six  faces  of  the  body  will  experience  pressures  from  the  liquid. 
The  pressures  upon  the  four  lateral  faces,  however,  need  not 
be  considered,  since  the  pressure  upon  one  face  in  one  direction 
is  exactly  counterbalanced  by  an  equal  pressure  upon  the  oppo- 
site face  in  the  opposite  direction,  these  four  lateral  faces  all 
being  at  the  same  depth.  It  remains,  therefore,  simply  to  con- 
sider the  pressures  upon  the  upper  and  the  lower  faces  of  the 
parallelopiped. 

The  pressure  acting  downwards  upon  the  upper  face  of  this 
body  is  the  weight  of  a  column  of  liquid  in  the  cross-section  of 
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which  is  equal  to  the  area  of  this  face,  and  the  height  of  which 
is  equal  to  its  depth  beneath  the  surface,  Fig.  112.  If  the  edges 
of  the  parallclopiped  arc  a  and  h  centimeters  in  length,  and  c 
centimeters  in  height,  the    area    of  the 
upper  face  and  also  of  the  lower  face 
ifi  ah  square  centimeters.     If  the  depth 
of  the  liquid  above  the  upper  surface  is 
Ji  centimeters,  and   the    weight    of  one 
cubic  centimeter  of  the  liquid  is  w,  the 
pressure    acting    do^^^lward    upon    the 
upper  face  of  the  body  is  ahhw  grams. 
Tile  pressure  acting  upward  upon  the 
lower  face  is  the  weight  of  a  column  of 
lifiuid,  the  cross-section  of  which  is  the 
area  of  this  face,  and  the  height  of  which 
is  its  depth  beneath  the  surface.     As  this 
face  is  at  a  depth   of  7i  +  c  centimeters 
the   upward   pressure  upon   this  lower 
face  is  ah{h^c)w  grams.     The  result- 
ing upAvard  pressure  upon  the  parallclo- 
piped is  the  difference  between  this  up- 
Avard  pressure  upon  the  lower  face  and 
the  downward  pressure  upon  the  upper 
face,  that  is 


Fig 


112.  Upward  pressure 
equal  to  weight  of  dis- 
placed liquid. 


al}(h  +  c)iv  —  ahhw  =  ahcw  grams. 

But  ahc  is  the  volume  of  the  immersed  parallclopiped,  and  there- 
fore is  also  the  volume  of  the  liquid  displaced  by  this  body. 
^Moreover,  as  iv  is  the  weight  of  one  cubic  centimeter  of  the 
licjuid,  the  expression 

ahcw  grams 


is  the  Aveight  of  tlie  liquid  displaced  by  the  parallclopiped. 
Hence  the  resultant  upward  pressure  upon  the  parallclopiped 
immersed  in  the  li(|uid  is  equal  to  the  weight  of  the  liquid  dis- 
placed. 
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If  an  irregular  body  is  immersed  in  the  liquid,  it  may  be  re- 
garded as  divided  into  a  series  of  very  small  parallelopipeds, 
for  each  of  which  the  above  reasoning  holds  true.  Hence  it  is, 
that  any  irregular  solid  immersed  in  a  liquid  experiences  a  re- 
sultant upward  pressure  equal  to  the  weight  of  the  liquid  dis- 
placed. This  effect  is  known  as  the  Principle  of  Archimedes, 
and  may  be  stated  in  these  words :  A  body  immersed  in  a  liquid 
is  huoycd  nptvard  icith  a  force  equal  to  the  weight  of  the  liquid 
displaced. 

166.  The  Cylinder  and  Bucket  Experiment.  The  Principle 
of  Archimedes,  here  described,  may  be  illustrated  by  the  "cylin- 
der and  bucket"  experiment.  A  metal  cyl- 
inder and  a  cylindrical  bucket  that  will 
exactly  contain  this  cylinder  are  suspended 
from  the  beam  of  a  balance,  and  counter- 
poised l\v  weights  in  the  other  pan.  If  the 
cylinder  is  then  hung  beneath  the  bucket 
and  immersed  in  a  liquid,  Fig.  113,  the 
l)alance  is  no  longer  in  equilibrium,  inas- 
much as  the  cylinder  experiences  an  up- 
ward pressure  equal  to  the  weight  of  the 
liquid  displaced.  Since  it  displaces  an 
amount  of  liquid  equal  to  its  own  volume, 
and  therefore  to  the  volume  of  the  bucket, 
if  the  bucket  is  now  exactly  filled  with  the 
liquid,  the  equilibrium  of  the  balance  is 
again  restored. 


Fig.  113.  The  cylinder 
and  bucket  experi- 
ment. 


167.  Loss  of  Weight  Transmitted  to  Bottom  of  Containing 
Vessel.  From  the  above  experiment  it  would  seem  that  when 
a  body  is  immersed  in  a  liquid  it  apparently  loses  in  weight  an 
amount  equal  to  the  weight  of  the  liquid  displaced.  This  loss 
of  weight,  however,  is  only  apparent,  as  may  be  seen  by  consid- 
ering the  vessel  in  which  the  liquid  is  contained.  As  soon  as  the 
body  is  immersed,  the  surface  of  the  liquid  rises,  and  the  pres- 
sure upon  the  bottom  of  the  vessel  is  increased,  just  as  if  a 
quantity  of  the  liquid  equal  to  the  volume  of  the  immersed  body 
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had  been  added  to  the  vessel.  The  weight  which  the  immersed 
body  apparently  loses,  therefore,  is  transmitted  to  the  bottom  of 
the  vessel  containing  the  liqnid.  This  might  have  been  antici- 
pated from  the  fact  that  action  and  reaction  are  equal  and  in 
the  opposite  direction ;  for  the  upward  action  of  the  liquid  upon 
the  immersed  body  must  be  equal  to  the  downward  reaction  of 
the  immersed  body  upon  the  liquid. 

168.  Floating-  Bodies.  If  W  equals  the  weight  of  the  body 
immersed,  P  equals  the  upward  pressure  of  the  liquid  upon  the 
body,  and  F  equals  the  resultant  of  these  two  forces  acting  down- 
ward, then 

F  =W  —  P. 

If  the  weight  of  the  body  is  greater  than  the  upAvard  pressure, 
then  W  is  larger  than  P,  the  force  F  is  positive  and  the  body 
sinks.  A  body  therefore,  will  sink  in  a  liquid  when  its  weight 
is  greater  than  the  weight  of  the  liquid  it  displaces.  If  the  weight 
of  the  body  is  equal  to  the  weight  of  the  liquid  displaced,  then 
W  is  equal  to  P,  the  resultant  force  F  is  then  zero,  and  the  body 
will  remain  in  equilibrium  wherever  it  may  be  placed  beneath 
the  surface.  If  the  weight  of  the  body  is  less  than  the  weight 
of  the  liquid  displaced,  then  P  is  larger  than  W,  the  force  F  is 
negative,  and  the  body  will  float  upon  the  surface.  A  body, 
therefore,  will  float  upon  a  liquid  whenever  the  weight  of  the 
body  is  less  than  the  weight  of  the  liquid  displaced.  Further- 
more, a  body  placed  upon  the  surface  of  a  liquid  will  sink  until 
the  weight  of  the  liquid  displaced  is  equal  to  the  weight  of  the 
body.  Thus  it  is  that  iron  will  float  upon  mercury  as  cork  floats 
upon  water;  the  iron  sinks  in  the  mercury  until  it  displaces  an 
amount  of  the  mercury  equal  in  weight  to  the  weight  of  the 
iron.  A  balloon  will  rise  in  the  air  because  it  displaces  an 
amount  of  air  greater  in  weight  than  the  weight  of  the  balloon. 

169.  Specific  Gravity.  Density  has  been  defined  (p.  77)  as 
the  ratio  of  mass  to  volume  that  is,  it  is  the  mass  contained  in 
unit  volume.  The  principle  of  Archimedes  gives  us  a  means  of 
determining  density,  for  here  we  have  a  method  of  ascertaining 
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the  volume  of  a  body,  however,  irregular  in  shape  the  body  may 
be.  If  a  body  is  weighed  in  air  and  then  weighed  immersed  in  a 
liquid,  the  apparent  loss  of  weiglit  in  the  latter  case  is  equal  to 
the  weight  of  the  liquid  displaced.  If  this  liquid  is  water,  the 
number  of  grams  the  body  apparently  loses  in  weight  is  numer- 
ically equal  to  the  number  of  cubic  centimeters  in  the  volume  of 
the  body.  The  mass  and  the  volume  of  the  body  being  now 
known,  the  density  is  expressed  simply  as  the  ratio  of  the  former 
to  the  latter. 

The  practical  method  of  determining  density  is  then  as  fol- 
lows. The  substance  is  first  weighed  in  air,  then  weighed  im- 
mersed in  water.  The  difference  between  these  two  weights  is 
the  number  of  grams  of  water  displaced,  and  this  is  numerically 
equal  to  the  number  of  cubic  centimeters  in  the  volume  of  the 
body.  The  ratio  of  the  weight  of  a.  body  in  air  to  its  loss  of 
weight  in  water  is,  therefore,  numerically  the  same  as  the  ratio 
of  the  mass  of  the  body  to  its  volume,  that  is,  numerically  the 
same  as  the  density.  This  agreement,  however,  is  true  only  be- 
cause the  density  of  water  is  unity,  that  is,  because  each  cubic 
centimeter  of  water  contains  the  mass  of  one  gram.  The  number 
of  grams  a  body  apparently  loses  when  immersed  in  water  there- 
fore, is,  the  same  as  the  mass  of  the  water  displaced.  Accord- 
ingly, the  ratio  of  the  weight  of  the  body  in  air  to  its  loss  of 
weight  in  water  is  really  the  ratio  of  the  mass  of  the  body  to  th^ 
mass  of  an  equal  volume  of  water,  that  is,  it  is  the  ratio  of  the 
density  of  the  body  to  the  density  of  w^ater. 

Density  determined  in  this  way,  therefore,  is  not  absolute, 
but  relative  to  the  deiLsity  of  water,  and  is  known  as  specific 
density,  or,  more  generally,  as  specific  gravity.  Density  and 
specific  gravity  are  therefore  different  in  meaning,  since  density 
is  simply  the  ratio  of  mass  to  volume,  while  specific  gravity  is 
the  ratio  of  the  density  of  a  substance  to  the  density  of  water. 
It  is,  accordingly,  only  because  the  density  of  water  is  unity  that 
density  and  specific  gravity  are  numerically  equal, 

170.  The  Hydrometer.  The  instrument  knoAvn  as  the  hy- 
drometer furnishes  another  means  of  measuring  relative  densi- 
ties, or  specific  gravities,  although  in  action  it  is  fundamentally 
different  from  the  above  method  by  the  balance.    The  method  as 
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described  above,  namely,  that  of  weighing  the  body  in  air  and 
then  in  water,  consists  in  determining  ilie  masses  of  equal  vol- 
umes; the  action  of  the  hydrometer,  however,  depends  upon  the 
principle  of  determining  the  volumes  of  equal  masses. 

The  hydrometer  consists  of  a  glass  cylinder,  Fig.  114,  weighted 
at  its  lower  end,  and  surmounted  by  a  graduated  tube.  Mercury 
is  then  added,  until  the  cylinder,  as  it  floats  in  pure 
water,  sinks  to  the  point  marked  zero,  when  it  dis- 
places its  own  weight  of  water.  If  it  is  then  placed 
in  a  liquid  lighter  than  water,  it  will  sink  deeper, 
and  if  placed  in  a  licpiid  heavier  than  water,  it  will 
not  i^ink  so  deep,  before  it  displaces  a  volume  of  the 
liquid  equal  to  its  own  Aveiglit.  The  weights  of  the 
displaced  liquids,  therefore,  remain  always  the  same, 
and  equal  to  the  weight  of  the  instrument  itselfl; 
while  the  variations  in  the  volumes  of  these  displaced 
liquids  are  indicated  by  the  different  depths  to  which 
the  instrument  sinks.  By  a  proper  calibration  of  lu'diomefer, 
the  tube,  the  densities  of  the  liquids,  therefore,  may 
be  read  at  once. 

171.  The  Flow  of  Liquids  Through  an  Orifice — Torricelli's 
Theorem.  If  an  opening  is  made  in  the  bottom  of  a  vessel 
filled  with  liquid,  Fig.  115,  the  liquid  will  flow  from  the  orifice, 
because  of  the  unbalanced  pressure  due  to  the  weight  of  the 
liquid  within.  It  follows,  therefore,  (p.  121),  that  the  kinetic 
energy  of  each  particle  of  the  moving  liquid  jet  is 


in  V 

"V  ' 

where  m  is  the  mass  of  the  particle, 
and  V  is  the  velocity  with  which  it 
leaves  the  opening.  In  filling  the 
vessel  originally  with  the  liquid,  the 
weight  of  this  particle,  or  mg,  had  to 
be  lifted  through  the  height  /(.  equal 
to  the  depth   of  the   liquid,   and  an 
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amomit  of  work  equal  to  mgh  was  ,,doiie  upon  the  particle  in 
giving  it  its  position  at  the  surface.  Accordingly,  (p.  120),  the 
potential  energy  of  a  particle  of  the  liquid  at  the  surface,  be- 
fore the  flow  takes  place,  is 

mgh. 

While  the  particle  that  flows  out  is  situated  at  the  depth  of 
the  orifice  and  not  at  the  surface,  the  condition  of  the  liquid 
remaining  in  the  vessel  is  the  same  as  if  this  particle  had  been 
removed  from  the  surface.  The  liquid  remaining  in  the  vessel, 
therefore,  has  lost  in  potential  energy  an  amount  equal  to 

ingh, 

and  this  loss  of  potential  energy  is  equal  to  the  kinetic  energy 
acquired  by  the  outflowing  particle,  and  therefore 


nuin  —   

2 


From  this 


or 


c-  =  2;/h, 


V  =  \2gh. 

From  this  equation  it  is  seen  that  the  velocity  with  which  a 
liquid  issues  from  an  orifice  depends  only  upon  the  depth  of 
the  liquid  and  upon  the  acceleration  of  gravity. 

The  remarkable  truth  apparent  from  this  expression  is  the 
fact  that  the  velocity  of  the  outflowing  liquid  is  entirely  inde- 
pendent of  the  mass  of  the  liquid,  so  that  a  vessel  filled  w^th 
mercury  will  empty  itself  no  more  quickly  than  will  a  vessel 
filled  with  water,  provided  both  are  filled  to  the  same  depth  and 
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have  equal  orifices  at  the  bottom.  In  explaining  this  unex- 
pected result,  we  must  remember  that  although  the  force  acting 
upon  the  mercury  is  thirteen  and  a  half  times  greater  than  the 
force  acting  upon  the  water,  the  mass,  and  therefore,  the  inertia, 
of  the  mercury  are  also  thirteen  and  a  half  times  greater  than 
the  mass  and  the  inertia  of  the  water,  hence  (p.  80),  the  acceler- 
ation given  to  one  just  equals  that  imparted  to  the  other,  and 
these  two  liquids  will  flow  from  their  respective  vessels  in  equal 
times. 

This  equation  also  shows  that  the  velocity  of  the  outflowing 
liquid  is  proportional  to  the  square  root  of  the  depth,  Fig.  116, 
that  is,  if  the  veloc- 
ity of  a  liquid 
flowing  from  an 
orifice  at  a  certain 
depth  is  a  certain 
amount,  the  veloc- 
ity from  an  orifice 
at  a  point  four 
times  as  deep  will 
be  only  twice  that 
amount.  This  ex- 
pression for  the  ve- 
locity with  whicih 
a  liquid  flows  from 
an  orifice  is  also 
seen  to  be  the  same  as  that  for  the  velocity  acquired  by  a  body 
in  falling  freely  through  a  vertical  height  7i  (equation  16,  p.  35). 
A  liquid,  therefore,  will  flow  from  an  orifice  in  the  bottom  of  a 
vessel  with  the  same  velocity  that  a  body  would  acquire  in  fall- 
ing freely  through  a  vertical  height  equal  to  the  depth  of  the 
liquid.     This  is  knoAvn  as  Torricelli's  Theorem. 

172.  Lines  of  Flow — The  Contracted  Vein.  Another  phenom- 
enon connected  with  an  outflowing  stream  of  liquid  may  be 
readily  observed,  especially  if  the  wall  of  the  vessel  contain- 
ing the  orifice  is  thin,   that  is,   if  the  flow  takes  place  from 


Fig. 


IIG.   The  velocity  of  flow  is  proportional  to  the 
square  root  of  the  depth. 
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an  opening  in  a  thin  wall.  While  the  particles  of  the  liquid 
directly  above  the  orifice  move  vertically  doAvnward  towards  this 
opening,  Fig.  117,  the  particles  near  the  sides  and  bottom  of  the 
vessel  have  a  lateral  motion  as  they  approach  the  orifice.  The 
paths  of  all  these  particles  are  called  the  lines  of  flow,  and  these 
are  different  in  direction  in  different  parts  of  the  vessel. 

The  lateral  motion  thus  ac- 
quired by  the  particles,  as  they 
move  along  the  lines  of  flow  in 
the  vessel,  cannot  instantly  be 
overcome  when  the  orifice  is 
reached,  and  so  the  particles  pass 
through  the  opening  forming  lines 
of  flow  in  the  jet  that  are  not  par- 
allel, but  slightly  convergent. 
On  this  account,  the  issuing 
column  of  liquid  suffers  a  certain 
contraction  a  little  distance  below 
the  opening,  known  as  the  con- 
tracted vein,  or  the  vena  con- 
tracta.  The  volume  of  liquid, 
therefore,  that  flows  in  a  given  time  from  an  opening  in  the  thin 
wall  of  a  vessel  is  proportional,  not  to  the  size  of  the  opening, 
but  to  the  cross-section  of  this  contracted  vein  at  its  narrowest 
point,  and  this  is  often  not  more  than  six-tenths  of  the  size  of  the 
opening.  This  lateral  movement  of  the  liquid  particles  may  be 
partially  prevented  by  the  addition  of  a  short  tube,  or  ajutage, 
of  the  same  diameter  as  the  opening,  with  the  result  that  the 
flow  of  liquid  is  increased  to  about  eight-tenths  of  the  theoretical 
amount. 

173.  The  Oscillations  of  a  Falling-  Drop.  For  a  short  dis- 
tance below  the  contracted  vein  the  stream  is  continuous  and 
practically  cylindrical,  after  which  it  becomes  gradually  smaller 
in  diameter  as  the  velocities  of  the  falling  particles  become 
greater.  After  a  certain  limiting  diameter  has  been  reached, 
constrictions,  or  waists,  are  formed,  due  to  certain  phenomena 
of  the  surface  tension  which  will  be  studied  later,  and  the  jet 
then  soon  breaks  into  drops,  Fig.  118.  Before  the  drop  is  actually 


Fig.  117.     Lines  of  flow- 
tracted  vein. 
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forniod,  however,  these  waist-like  constrictions  become  more 
pronounced  until  the  mass  of  water  that  will  later  form  the 
drop  is  connected  with  the  body  of  the  stream  onl}^ 
by  a  long,  narrow  neck  of  the  liquid,  and  this  ulti- 
mately breaks.  The  drop  is  then  free,  but  elongated 
vertically ;  and  as  its  particles  endeavor  to  assume 
the  spherical  form, — this  effect  also  being  due  to  the 
action  of  surface  tension,- — they  are  carried  by  their 
inertia  past  this  form,  and  become  elongated  hori- 
zontally. The  same  process  is  then  repeated  in  the 
reverse  direction,  the  drop  becoming  elongated  first 
in  one  way  and  then  in  the  other  as  it  falls. 

These  oscillating  drops  may  be  conveniently  studied 
by  illuminating  them  with  an  intermittent  light,  that 
is,   by   placing   before   the   source    of   illumination    a  Q 

rotating  disc  from  which  a  sector  has  been  cut.     If  a         ip. 
flash  of  light  comes  through  the  open  sector  at  a  time         M 
when  a  drop  has  reached  a  certain  point,  and  a  sec-         0, 
ond  flash  can  be  made  to  come  when  the  next  drop         '  ° ' 
has  reached  exactly  the  same  point,   the   drop   wdll       ;  ^  \ 
have  the  appearance  of  standing  perfectly  still,  and       ICZ5I 
its  form  may  be  minutely  examined.     Another  drop,        ',  °  / 
a  little  l)elow,  will  have  assumed  another  form ;  and        ',  o  ; 
if  it  is  possible  thus  to  observe  at  the  same  time  several  Q' 

drops  in  different  phases  of  their  vibrations,  they  may  \l! 
be  seen  to  pass  through  all  the  variations  of  form  that  [s] 
occur  in  a  falling  drop  of  liquid.     Between  each  of  M 

these  oscillating  drops  will  be  noticed  the  tiny  spher-,         \°\ 
ical  drop,  into   which   has   been   contracted   the  elon-         U 
gated  neck  that  connected  the  drop  with  the  body    ^^^'    j^g 
of  the  jet  just  before  the  final  separation  of  the  two       f^op"!^ 
took  place. 

174.  The  Reaction  of  an  Outflowing  Jet.  We  have  seen,  (p. 
173) ,  that  the  pressure  due  to  the  weight  of  a  liquid  is  equal  at. all 
points  of  the  same  horizontal  level,  and  is  everywhere  perpendic- 
ular to  the  sides  of  the  containing  vessel.  Accordingly,  the 
pressure  at  any  point  as  A,  Fig.  110,  is  exactly  equal  and  oppo- 
site to  the  pressure  upon  the  opposite  point,  as  B,  and  the  vessel 
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is  in  equilibrium.  If  an  opening  is  made  in  one  of  the  sides,  as- 
at  A,  the  pressure  here  is  then  no  longer  directed  against  the 
wall  of  the  vessel,  but  against  the  liquid,  so  that  the  latter  is  set 

in  motion  and  issues  as  a  jet.  The 
pressure  at  B,  however,  remains  un- 
affected by  this  change;  and  since 
this  pressure  is  no  longer  held  in 
equilibrium  by  an  equal  pressure 
upon  the  opposite  wall  at  A,  it  be- 
comes effective  in  producing  mo- 
tion, and  the  vessel,  if  free  to  move, 
is  forced  backward.  This  is  known 
as  the  reaction  of  an  outflowing- 
jet,  and  forms  an  excellent  illustra- 
tion'of  Newton's  third  law  of  mo- 
tion (p.  107). 
It  was,  indeed,  upon  this  principle  that  the  first  steam  engine 
was  constructed  by  Hero  of  Alexandria,  in  the  second  century^ 
B.  C.  Hero  generated  steam  in  a  pivoted  spherical  vessel, 
provided  with  tubes,  or  arms,  bent  at  right  angles,  and  from 
these  the  steam  escaped.  The  pressure  forcing  out  the  steam 
produced  an  equal  and  unbalanced  reaction  upon  the  sides  of 
the  tubes  opposite  the  jet,  thus  giving  a  backw^ard  motion  to  the 
arms,  and  therefore  a  rotary  motion  to  the  whole.  The  pin- 
wheel  in  fireworks,  the  modern  turbine  water  wheel,  and  Barker's 
water-mill,  the  latter  most  commonly  seen  in  some  varieties  of 
lawn  sprinklers,  depend  for  their  operation  upon  the  reacti^on 
of  an  outflowing  jet. 


Fig.    119.  The   reaction   of   an 
outflowing    jet. 
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CHAPTER  XII. 
GASES. 

175.  Similarity  between  Gases  and  Liquids.  By  applying 
to  a  gas  the  definition  of  a  fluid  previousl}^  given  (p.  167),  we 
find  that  this  also  is  a  body  the  particles  of  which  are  free  to 
move  under  the  action  of  an  unbalanced  force,  and  hence  all 
gases  as  well  as  liquids  are  fluids.  While  there  are  many  ways 
in  which  these  two  bodies  differ  from  each  other,  as  will  be 
pointed  out  later,  there  are,  nevertheless,  certain  characteristics 
and  laws  that  they  have  in  common,  due  to  the  mobility  of  their 
particles. 

Because  a  gas  is  a  fluid,  it  must,  like  all  other  fluids,  transmit 
pressure  equally  in  all  directions,  hence  Pascal's  law,  (p.  170)  is 
true  for  gases  as  well  as  liquids.  The  property  of  elasticity  of  vol- 
ume is  a  characteristic  that  is  possessed  by  liquids  and  gases 
alike,  for  both  resume  their  original  volumes  when  the  pressures 
to  which  they  have  been  subjected  are  relieved.  It  is  true  that 
liquids  are  far  less  compressible  than  gases;  but  when  the  pres- 
sure is  removed,  both  assume  their  original  volumes  at  once  and 
completely,  so  that  both  liquids  and  gases  are  perfectly  elastic. 

Another  point  of  resem])lanee  between  the  two  is  the  fact  that 
both  have  weight.  By  suspending  a  hollow  ball  from  the  beam 
of  a  balance  and  weighing  it  when  filled  with  air  and  again  when 
the  air  has  been  exhausted,  the  difference  in  weight  gives  the 
weight  of  a  volume  of  air  equal  to  the  interior  volume  of  the 
ball.  In  this  way  it  is  found  that;  when  weighed  under  the 
standard  conditions  to  be  described  later,  one  liter  of  air  has  a 
mass  of  1.2932  grams. 

176.  The  Pressure  of  the  Atmosphere.  Since  air  is  a  gas, 
and  therefore  a  fluid,  the  atmospliere  about  tlie  earth  may  be 
compared  to  a  great  aerial  ocean,  at  every  point  of  which  the 
same  laws  of  pressure  apply  that  apply  to  fluids  in  general. 
A  litte  area,  therefore,  in  this  ocean  experiences  a  pressure  due 
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to  the  weight  of  the  column  of  the  atmosphere  above  it,  and' 
therefore  at  points  near  the  earth  the  pressure  must  be  greater 
than  at  regions  more  elevated.  In  other  words,  the  law  that  the 
pressure  increases  with  the  depth  applies  to  the  atmosphere  as 
to  all  other  fluids ;  and  because  of  the  mobility  of  the  particles, 
this  pressure  is  equal  in  all  directions. 

The  fact  that  the  atmosphere  exerts  a  great  pressure  due  to 
its  weight  becomes  at  once  apparent  when  the  pressure  of  the 
air  upon  one  side  of  a  diaphragm  is  removed,  as,  for  instance, 
when  the  hand  is  placed  over  the  open  top  of  a  bell-jar,  or  when 
a  piece  of  thin  rubber  is  tied  over  the  top  of  a;  receiver,  and  the 
air  within  is  exhausted.  The  pressure  downward  upon  this 
rubber  membrane,  due  to  the  weight  of  the  atmosphere,  is  then 
no  longer  counterbalanced  by  an  equal  pressure  upon  the  op- 
posite side,  and  the  membrane  is  often  broken  by  the  pressure 
due  to  the  weight  of  the  air  above  it. 

Til  at  the  pressure  of  the  air  is  equal  in  all  directions,  and 
therefore  upward,  may  be  seen  by  exhausting  the  air  from  the 
upper  part  of  a  vertical  cylinder  containing  a  piston,  to  which 
a  heavy  weight  has  been  attached.  Before  the  .air  above  the 
piston  is  exhausted,  the  pressure  upon  its  two  sides  is  the  same ; 
but  when  this  air  has  been  removed,  the  pressure  upon  its  upper 
surface  is  less  than  that  upon  its  lower  surface,  hence  there  is 
a  resultant  pref^sure  upward  sufficient  to  lift  the  piston  with  the 
attached  weight.  A  simpler  method  of  illustrating  the  same 
principle  consists  in  placing  a  sheet  of  writing  paper  over  a 
tumbler  full  of  water  and  inverting  the  whole.  The  water  will  be 
held  in  the  glass  by  the  upward  pressure  of  the  air  upon  the 
lower  surface  of  the  paper. 

There  is  another  consequence  that  follows  from  the  fact  that 
we  are  living  in  a  sea  of  air,  the  particles  ofwhich  have  weight. 
All  bodies  in  the  air  are  immersed  in  this  gaseous  fluid,  and 
accordingly,  by  the  principle  of  Archimedes  (p.  180),  they  ex- 
perience an  upward  pressure  equal  to  the  weight  of  the  atmos- 
phere displaced.  From  this  it  follows  that  the  apparent  weight 
of  a  body  when  weighed  in  the  air  is  less  than  its  true  weig'ht 
by  the  weight  of  its  own  volume  of  air. 
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177.  The  Barometer.  The  pressure  of  the  air  due  to  its 
weight  was  recognized  by  Galileo,  but  it  remained  for  his  pupil 
Torricelli  to  devise  a  means  whereby  this  pressure  might  be 
measured.  Torricelli  conceived  the  idea  of  balancing  the  pres- 
sure due  to  the  weight  of  the  air  by  the  weight  of  a  column  of 
mercury  that  should  produce  an  equal  pressure.  This  he  ac- 
complished by  filling  with  mercuiy  a  long  glass  tube,  closed  at 
one  end,  and  inverting  this  tube  in  a  vessel,  or  cistern,  of  mercury,' 
witli  tlie  open  end  immersed  beneath  the  surface.  It  was  then 
found  that  the  mercury  fell  within  the  tube  until  the  height  of 
the  column  remaining  was  76  centimeters  above  the  surface  of 
the  mercury  in  the  vessel. 

This  simple  device,  which  is  still  used  for  measuring  the  pres- 
sure of  the  air,  forms  the  instrument  known  as  the  barometer. 
If  the  tube  has  vertical  walls,  the  pressure  at  its  open  end  is 
the  weight  of  the  column  of  mercury  the  tube  contains.  The 
pressure  of  the  air,  therefore,  upon  an  area  of  the  surface  of  the 
mercury  in  the  vessel  equal  to  the  cross-section  of  the  tube  is 
also  ef[ual  to  the  weight  of  this  column  of  mercury.  If  the  cross- 
section  of  the  tube  is  one  square  centimeter,  this  mercury  column, 
76  centimeters  in  height,  will  contain  76  cubic  centimeters  of 
mercury ;  and  as  one  cubic  centimeter  of  mercury  weighs  13.596 
grams,  the  normal  pressure  of  the  atmosphere  is  76  X  13.596  = 
1033.3  grams  per  square  centimeter.  The  region  above  the 
mercury  column  within  the  barometer  tube  is,  known  as  the 
Torricellian  vacuum.  (F^ 


178.  The  Pressi;[re  at  a  Point  Within  the  Baro- 
meter. Inasmuch  as  no  matter  exists  within  the 
Torricellian  vacuum,  the  pressure  upon  the  sur- 
face of  the  mercury  within  the  tube  at  A,  Fig. 
120,  is  zero.  At  a  point  lower  down  in  the  tube, 
as  at  a,  the  pressure  is  the  weight  of  the  column 
of  mercury  AB,  or  it  may  be  considered  as  equal 
to  the  pressure  of  one  atmosphere,  that  is,  the 
weight  of  the  column  AT>,  minus  the  weight  of 
the  column  of  liquid  BT)  beneath  it.  The  pressure 
at  any  ])oint  as  C  is  that  due  to  the  -weight  of  the 


Fig.  120.  The- 
baroiiioter. 
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column  AC,  or  it  is  the  pressure  of  one  atmosphere  AD,  minus 
the  weight  of  the  cohimn  of  mercury  CD  beneath  it,  etc. 

179.  The  Work  of  Otto  von  Guericke.  Contemporaneous 
with  Torrieelli  in  Italy,  Otto  von  Guericke  in  Magdeburg,  Ger- 
many, independently  devised  a  method  almost  identical  with 
Torrieelli 's  for  measuring  the  pressure  of  the  air.  By  using  a 
longer  and  larger  tube,  and  filling  it  with  water  instead  of  mer- 
cury, lie  found  that  a  column  of  water  nearly  34  feet  high  was 
necessary  to  balance  the  pressure  of  the  air.  It  is  with  Otto 
von  Guericke,  likewise,  that  the  conception  of  the  air-pump  orig- 
inated, and  to  him  is  also  due  the  apparatus  for  demonstrating 
the  pressure  of  the  air  known  as  the  Magdeburg  hemispheres. 
These  consist  of  two  hemispherical  cups,  fitting  tightly  together, 
but  easily  separated  when  filled  with  air.  When,  however,  the 
air  from  within  is  exhausted,  the  pressure  of  the  atmosphere 
upon  their  exterior  surface,  forces  these  hemispheres  together 
with  a  pressure  of  more  than  1  kilogram  per  square  centimeter 
of  their  cross-section. 

180.  Pressure  and  Density  of  the  Air.  Since  the  pressure 
in  all  fiuids  increases  M'it)i  the  depth,  the  pressure  of  the  at- 
mosphere near  the  surface  of  the  earth  is  greater  than  at  an 
elevation  above  the  surface,  and  the  column  of  mercury  in  the 
barometer  stands  higher  at  a  low  altitude  than  at  a  greater  one. 
The  tarometer,  therefore,  furnishes  a  very  reliable  means  in- 
deed for  determining  the  height  of  mountains.  The  normal,  or 
standard,  conditions  for  comparing  the  pressures  of  the  air  are 
at  sea-level  and  at  a  temperature  0°  Centigrade ;  and  to  these 
standard  conditions  all  measurements  must  be  reduced  before 
the  varying  pressures  of  the  air  may  be  compared. 

Inasmuch  as  a  gas  is  a  compressible  fluid,  the  lower  strata  of 
the  atmosphere,  Avhere  the  pressure  is  greater,  are  denser 
(p.  77)  than  are  the  upper  strata,  where  the  pressure  is  less; 
that  is,  near  the  surface  of  the  earth  a  larger  mass  of  air  is  con- 
tained in  the  unit  volume  than  is  contained  in  an  equal  volume 
at  a  higher  level.  The  pressure  of  the  atmosphere,  therefore, 
does  not  increase  uniformly  with  the  depth,  as  w^ould  be  the  case 
if  the  air  were  an  ocean  of  incompressible  fluid,  but  increases 
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more  rapidly  than  the  depth.  This  becomes  at  once  obvious  by 
considering  that  any  layer  of  the  air  near  the  earth  not  only 
has  above  it  a  number  of  overlying  strata  greater  than  any 
higher  layer,  but  also  that  the  mass  of  air  in  any  stratum  is 
greater  than  is  the  mass  in  any  higher  stratum.  A  given  vertical 
height  near  the  earth  corresponds,  therefore,  to  a  greater  change 
of  pressure  than  the  same  vertical  height  at  a  greater  altitude. 

181.  The  Distinction  between  Liquids  and  Gases.  The  points 
in  which  liquids  and  gases  resemble  each  other,  and  the  laws 
applying  in  common  to  both  of  these  bodies,  are  due,  as  has  been 
seen,  to  the  fact  that  the  particles  of  each  are  free  to  move. 
Each  of  these  bodies,  however,  has  characteristics  peculiar  to 
itself;  and  there  are  accordingly  a  number  of  respects  in  which 
the  two  are  unlike,  and  a  number  of  laws  that  are  true  of  one 
that  do  not  apply  to  the  other. 

Among  these  points  of  difference  may  be  mentioned  the  prop- 
erty of  compressibility.  It  is  found  that  liquids,  when  subjected 
to  pressure,  undergo  only  very  slight  changes  of  volume,  while 
gases,  under  the  same  conditions,  change  their  volume  to  a  nota- 
ble degree,  depending  upon  the  pressure  applied.  The  volume 
of  a  gas,  therefore,  is  not  only  a  function  of  the  mass  of  the  gas, 
but  also  of  the  pressure  to  which  it  is  subjected,  as  Avill  be  shown 
in  §  182. 

An  interesting  comparison  may  be  drawn  between  the  char- 
acteristics of  the  three  states  of  matter,  the  solid,  the  liquid,  and 
the  gaseous,  as  regards  the  shape  as  well  as  the  volume  of  each. 
A  solid  body,  because  of  the  rigidity  of  its  particles,  possesses 
volume  and  also  shape ;  a  liquid,  since  it  possesses  a  definite 
surface,  and  adapts  itself  to  the  shape  of  the  containing  vessel, 
has  volume  but  no  shape ;  while  a  gas,  inasmuch  as  it  expands 
and  fills  the  entire  available  space,  whatever  its  shape  or  size 
may  be,  has  neither  volume  nor  shape.  A  further  very  weighty 
distinction  between  liquids  and  gases  lies  in  the  fact  that  a  liquid 
has  a  free  surface  and  can  form  into  drops,  while  a  gas  has  no 
free  surface  and  cannot  form  drops. 

182.  The  Volume  of  a  Gas  is  Inversely  Proportional  to  the 
Pressure — Boyle's  Law.  "While  Galileo  and  his  pupil  Torricelli 
in  Hal}-  were  investigating  the  pressure  of  the  air,  and  while  Otto 
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von  Guericke,  in  Magdeburg,  was  studying  the  subject  with  the 
aid  of  the  air-pump,  two  other  investigators  in  other  parts  of  the 
world  were  independently  examining  the  relation  that  exists 
between  the  volume  of  a  gas  and  its  pressure.  As  a  result  of 
their  experiments,  Robert  Boyle  in  England,  and  Mariotte  in 
France,  announced  the  law  that  is  still  known  by  the  names  of 
these  discoverers,  namely,  the  tempei^ature  remaining  constant, 
the  volume  of  a  gas  varies  inversely  as  the  pressure  to  which  it 
is  subjected.  Thus  if  V  represents  the  volume  of  a  mass  of  gas 
at  the  pressure  P,  and  if  V^  represents  the  volume  of  the  same 
mass  of  gas  when  the  pressure  becomes  P',  it  follows  from  Boyle's 
laAv,  or  ]\Iariotte's  law,  that 


V :  r 


—  1 


or 


from  which 


p'      p 


P  V  =  P'  V 


That  is,  the  product  of  the  volume  of  a  mass  of  gas  and  the  pres- 
sure to  which  it  is  subjected  is  equal  to  tlie  product  of  the  new 
volume  of  the  same  mass  of  gas  and  the  presj^ure  to  which  it  is 
then  subjected.  In  other  words,  the  temperature  remaining  the 
same,  the  product  of  the  volume  and  the  pressure  of  a  gas  is 
constant.    This  is  the  form  in  which  Boyle's  law  is  usually  stated. 

183.  The  Density  of  a  Gas  is  Directly  Propcrtional  to  the 
Pressure.  "When  the  volume  of  a  mass  of  gas  is  made  to  vary, 
that  is,  when  a  mass  of  gas  is  compressed  into  a  smaller  volume, 
or  expands  to  fill  a  larger  one,  the  density  (p.  77)  changes  at  the 
same  time,  becoming  greater  as  the  volume  becomes  smaller,  and 
smaller  as  the  volume  becomes  greater.    The  density  of  a  gas  ac- 
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cordingly,  varies  inversely  as  the  volume.  If  d,  therefore,  rep- 
resents the  density  of  a  mass  of  gas  when  its  volume  is  V,  and  d^ 
the  density  of  the  same  mass  of  gas  when  its  volume  has  been 
changed  to  T^  P  and  P'  being  the  pressures  in  the  two  eases 
respectively, 


I  :  d'  = 


1      J_ 
V     F'' 


or 


from  which 


But  by  Boyle's  law, 


and  therefore. 


d cr_ 


<^  __r' 
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d_         P_ 

d'   ~  P' 


From  this  it  is  seen  that  the  density  of  a  gas  is  directly  propor- 
tional to  the  pressure  to  wliicli  it  is  subjected. 

184.  Proof  of  Boyle's  Law  for  Pressures  Greater  than  One 
Atmosphere.  The  device  for  proving  Boyle's  law  consists  of  a 
bent  glass  tube,  Fig.  121,  the  arms  being  of  unequal  length,  the 
shorter  arm  closed,  the  longer  arm  open  to  the  air.  ]\Iercury  is 
then  poured  into  the  tube  until  it  fills  the  bend  of  the  tube,  and 
thus  imprisons  a  quantity  of  air  in  the  shorter  arm.    When  the 
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Fig.  121.  Proof  of  Boyle's  law  for 
pressures  greater  than  one  at- 
mosphere. 


mercury  stands  at  the  same  level  in  both  arms,  the  pressure  of 
the  air  enclo.sed  in  the  shorter  arm  is  that  of  one  atmosphere, 
since  the  surface  of  the  mercury  in  the  longer,  open  arm  is  di- 
rectly exposed  to  the  atmospheric 
pressure,  and  the  pressure  must 
be  equal  at  all  points  of  the  same 
level.  _  The  pressure  of  the  en- 
closed gas  is  thus  known  to  be 
one  atmosphere,  and  its  volume  is 
determined  from  the  attached 
scale. 

If  mercury  is  now  poured  into 
the  longer  arm,  the  pressure  upon 
the  enclosed  mass  of  gas  in- 
creases and  its  volume  diminishes. 
When  the  height  of  the  mercury 
column  in  the  longer  arm  is  76 
centimeters  above  the  level  of  the 
mercury  in  the  shorter  arm,  the  pressure  upon  the  enclosed, 
mass  of  gas  has  become  equal  to  two  atmospheres,  that  is,  the 
pressure  upon  it  has  been  doubled,  and  its  volume  is  then  ob- 
served to  be  reduced  to  one-half.  It  is  thus  seen,  certainly  for 
pressures  greater  than  one  atmosphere,  that  the  product  of  the 
pressure  and  the  volume  of  a  gas  remains  constant. 

185.  Proof  of  Boyle's  Law^  for  Pressures  Less  than  One 
Atmosphere.  The  apparatus  for  proving  Boyle's  laAV  for  pres- 
sures less  than  one  atmosphere  consists  of  a  long,  deep  cistern, 
Fig.  122,  and  a  glass  tube  closed  at  one  end,  partly  filled  with 
mercury  and  partly  filled  with  the  gas  to  be  investigated.  If  the 
open  end  of  the  tube  is  placed  in  the  cistern  of  mercury,  the  tube 
may  be  lowered  until  the  level  of  the  mercury  within  the  tube  is 
the  same  as  the  level  of  the  mercury  in  the  cistern,  and  in  this 
position,  the  gas  above  the  mercury  in  the  enclosed  tube  is  at 
atmospheric  pressure.  The  volume  of  this  gas  at  atmospheric 
pressure  is  determined,  as  in  the  previous  experiment,  by  an 
attached  scale. 

If  the  tube  is  now  raised,  the  mercury  it  contains  is  no  longer 
at  the  level  of  the  mercury  in  the  cistern,  but  stands  above  the 
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Fig.  122.  Proof  of  Boyle's  law  for  pressures  less> 
tlian  one  atmosphere. 


latter  .surface,  and  the  gas  in  the  npper  part  of  the  tube  ex- 
pands. In  all  positions  the  pressure  within  the  tube,  at  tKe 
level  of  the  mercury  in  the  cistern  consists  of  two  parts,  namely, 
the  weight  of  the 
column  of  mercury  AB 
above  this  level,  and 
the  pressure  of  the  gas 
in  the  upper  part  of 
the  tube.  That  is,  the 
pressure  of  the  air  upon 
the  surface  of  the  mer- 
cury in  the  cistern  sus- 
tains the  Aveight  of  a 
certain  column  of  mer- 
cury, plus  tbe  pressure 
of  the  gas  above  this 
column.  The  pressure  of 
the  gas  enclosed  with- 
in the  tube  is  therefore 
always  less  than  one  at- 
mosphere, and,  indeed,  it  is  always  equal  to  the  pressure  of  one' 
atmosphere  minus  the  weight  of  the  column  of  mercury  below  it 
(p.  191). 

If  the  tube  is  raised  to  such  a  height  that  the  column  of 
mercury  AB  is  38  centimeters,  it  will  be  found  that  the  gas 
above  the  mercury  has  doubled  its  original  volume.  Since  this 
column  of  mercury  is  only  38  centimeters  high,  the  pressure  due 
to  its  weight  is  only  half  an  atmosphere,  and  accordingly  it  fol- 
]  iws  that  the  gas  enclosed  above  the  mercury  column  must  also 
I'xert  a  pressure  of  38  centimeters  of  mercury,  or  half  an  at- 
mosphere, because  the  two  together  exert  a  pressure  of  76  centi- 
meters of  mercury,  or  an  entire  atmosphere.  "While,  therefore, 
the  volume  of  this  gas  has  been  doubled,  its  pressure  has  been 
reduced  one-half,  so  that,  in  this  instance  also,  that  is,  for  pres- 
sures less  than  one  atmosphere,  the  product  of  the  pressure  and 
the  volume  is  constant. 

186.  Boyle's  Law  Not  Strictly  True.  In  discussing  Boyle's 
law,  it  should  be  mentioned  that  the  above  law  holds  true  only 


198 


GASES. 


when  gases  are  far  removed  from  their  points  of  liquefaction. 
All  gases,  in  fact,  show  very  slight  deviations  from  Boyle's  law, 
and  these  deviations  become  greater  as  the  pressure  is  approached 
at  which  a  gas  changes  from  the  gaseous  to  the  liquid  state.  It 
is  then  found  that  for  all  gases  except  hydrogen  the  volume  di- 
minishes more  rapidly  than  would  be  indicated  by  Boyle's  law. 
With  hydrogen  at  ordinary  temperatures,  however,  the  volume 
does  not  diminish  quite  as  rapidly  as  the  pressure  increases. 

187.  The  Manometer.  A  manometer  is  any  device  for 
measuring  pressures.  Among  the  many  existing  forms,  mention 
may  be  made  of  three  that  depend  for  their  action  upon  laws  of 
liquid  and  gaseous  pressures.  These  are  the  open-arm  manom- 
eter, the  closed-arm  manometer,  and  the  barometer. 

The  open-arm  manom- 
eter consists  of  a  bent 
tube,  Fig.  123,  partly 
filled  with  mercury,  the 
end  A  being  connected 
with  the  gas  the  pres- 
sure of  -which  is  to  be 
measured,  wiiile  the 
end  B  is  open  to  the 
air.  AVhen  the  pressure 
in  A  is  equal  to  one  at- 
mosphere, the  mercury  stands  at  the  same  level  in  both  arms. 
When  the  pressure  in  A  becomes  greater  than  one  atmosphere, 
the  mercury  falls  on  this  side  of  the  bent  tube  and  rises  on  the 
other,  as  at  C  and  D.  The  pressure  at  C,  and  therefore  also  in  A, 
is  then  greater  than  the  pressure  of  one  atmosphere  by  the 
weight  of  the  column  of  mercury  DE,  and  this  may  be  read  at 
once  from  an  attached  scale. 

The  closed-arm  manometer,  Fig.  124,  consists  of  a  bent  tube  as 
before,  but  in  this  case  the  arm  B  is  closed.  The  lower  part  of 
the  tulie  is  then  filled  with  mercury,  and  air  or  some  other  gas 
is  thus  confined  above  the  mercury  in  the  closed  arm.  The  level 
of  the  mercury  is  then  adjusted  so  that  it  stands  at  the  same 
height  in  the  two  arms  when  the  pressure  in  A  is  one  atmosphere. 


Fig.    123.   The    open-arm   manometer. 
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If  tlie  i^ressure  in  A  be- 
comes greater  than  one  at- 
mosphere, the  mercury 
rises  in  the  closed  arm, 
and  the  volume  of  the  gas 
in  this  arm  l)ecomes  small- 
er under  the  increased 
pressure.  Therefore,  from 
the  decrease  in  the  volume 
of  this  gas,  the  pressure  to 

Fig.    124.  The    closed  arm   manometer. 

which  it  is  subjected  may 

be  calculated  by  Boyle's  law,  and  thus  the  pressure  in  A  may 

be  determined. 

The  barometer,  Fig.  125,  is  often 
a  most  convenient  form  of  manom- 
eter, and  is  useful  in  measuring 
the  pressure  of  the  gas  or  air  in 
the  region  where  it  is  placed, 
since  the  height  of  the  mercury 
within  the  tube  is  directly  propor- 
tional to  the  pressure  upon  the 
surface  of  the  mercury  in  the  cis- 
tern. 

188.  The  Siphon.  The  siphon  is 
a  device  for  transferring  liquids 
from  an  ui)per  to  a  lower  vessel, 
pnd  depends  in  its  action  uj^on 
the  pressure  of  the  air.  The  apparatus  consists  of  a  tube 
open  at  both  ends  and  so  bent  that  one  arm  is  longer  than 
the  other.  When  the  tube  is  filled  with  liquid  and  inverted, 
the  shorter  arm  being  placed  beneath  the  surface  of  the  liquid 
in  the  upper  vessel,  the  liquid  will  flow  from  the  longer  arm. 
IMoreover,  this  flow  will  continue,  the  liquid  rising  in  the  shorter 
arm  and  passing  over  the  bend  of  the  tube  into  the  longer  arm, 
until  the  level  of  the  liquid  in  the  upper  vessel  falls  belov/ 
the  open  end  of  the  shorter  tube.  At  first,  this  phenomenon 
seems  to  contradict  tlie  principle  that  a  liquid  cannot  rise  to  a 


Fig.    125.  The  barometer  used  as 
a   mauometer. 
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height  greater  than  its  source;  but  a  consideration  of  the  pres- 
sure of  the  air  and  the  height  of  the  column  of  liquid  this  pres- 
sure supports,  leads  at  once  to  the  folloAving  evident  explanation. 
We  have  learned  that  the  pressure  of  the  air  sustains  a  column 
of  liquid  of  such  height  that  the  pressure  due  to  the  weight  of 
this  liquid  is  equal  to  the  atmospheric  pressure.  Moreover,  the 
pressure  at  any  point  within  such  a  column  is  the  weight  of  the 
column  of  liquid  above  that  point,  or,  in  other  words,  the  pres- 
sure at  any  point  within  a  liquid  column  is  the  pressure  of  one 
atmosphere  minus  the  weight  of  the  column  of  liquid  beneath 
it. 

Application  is  made  of  these  principles  in  explaining  the  ac- 
tion of  the  siphon.  If  B,  Fig.  126,  is  the  highest  point  of  the 
siphon,  the  pressure  of  the  air  at  A  upon  the  surface  of  the 
liquid  in  the  upper  vessel  supports  the  column  of  liquid  AB, 
and  the  pressure  of  the  air  at  C  upon  the  open  end  of  the  longer 
tube  sustains  the  column  of  liquid  CB.  If  we  consider  a  par- 
ticle of  the  liquid  at  B  and  determine  the  pressures  upon  it,  we 

shall  find  that    this  particle    is  not  in 
_  _^  ^__    ^  equilibrium,  but  that  the  pressure  in 

I  iff     ~    """"^'l  ^^^^  direction  is  greater  than  that  in 

the  opposite  direction.  The  pressure 
urging  the  particle  to  the  right  is  the 
pressure  of  one  atmosphere  minus  the 
weight  of  the  column  of  liquid  be- 
neath it,  that  is,  minus  the  weight  o£ 
the  column  of  liquid  the  height  of 
w^hich  is  a.  The  pressure  at  B  urging 
tlie  particle  to  the  left  is  the  pressure 
of  one  atmosphere  minus  the  weight 
of  the  column  of  liquid  the  height  of 
which  is  h.  The  pressure,  therefore, 
upon  a  particle  of  liquid  at  B^  urging 
it  to  the  right,  is  greater  than  the 
pressure  upon  the  same  particle  urging  it  to  the  left  by  an 
amount  equal  to  the  weight  of  a  column  of  liquid,  the  height 
of  which  is 


Fig.    126.  The    siphon. 
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Accordingly,  the  liquid  flows  from  the  longer  arm  of  the  siphon 
due  to  an  unbalanced  pressure  equal  to  the  weight  of  a  column 
of  the  liquid,  the  height  of  which  is  the  difference  between  the 
lengths  of  the  two  arms.  The  flow  will  continue  from  the  longer 
arm,  until  the  level  of  the  liquid  in  the  upper  reservoir  falls  be- 
low the  end  of  the  shorter  tube,  when  air  will  enter  instead  of 
the  liquid,  and  the  action  of  the  siphon  will  cease. 

189.  The  Sprengel  Pump.    A  fcrm  of  air-pump  has  been  de- 
vised, known  as  the  Sprengel  pump,  in  which  advantage  is  taken 
of  the  Torricellian  vacuum  above  the  column  of  mercury  in  the 
barometer  tube.    For  this  purpose,  the  tube  AB,  Fig.  127,  should 
be  considerably  longer  than  76  centimeters,  and  should  have  an 
enlargement  C  at  its  upper  end.     Into  this  enlargement  pro^ 
jects  the  tube  E  which  connects  with 
a   reservoir   of   mercury   F,   so   that 
mercury  may  enter  the  enlargement 
one   drop  at  a  time  and  pass  down 
the  tube  BA  drop  by  drop.    As  these 
drops  of  mercury  enter  the  tube  BA, 
they  imprison  little   columns  of  the 
air  that  has  entered  the  tube  from  the 
enlargement    C,   and    so   push    these 
little  colunuis  of  air  before  them  as 
they   move   down.      The   air   is  thus 
gradually  removed  from  this  enlarge- 
ment;  and  the    pressure   of   the   air 
upon  the  surface  of  the  mercury  in 
the  cistern  at  A  causes  the  mercury 
ultimately-  to  stand  at  the  height  AB 
ill    the   barometer    tube.     When   the 
lu'ight   of   this  mercury   column   ap- 
proaches 76  centimeters,  the  vacuum 
in  C  is  very  nearly  perfect. 

The  reservoir  D,  which  is  to  be  exhausted,  may  now  be  con- 
nected with  the  enlargement  C  by  the  stop-cock  G,  and  the  air 
in  D  expands  and  flows  into  C  until  the  pressures  in  D  and  C 
are  equal.     The  action  of  the  pump  then  being  continued,  the 


Fig.  127.  The  Spreugel  pump. 
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drops  of  mercury,  as  they  fall  from  the  tube  E,  again  imprison 
little  columns  of  air,  and  serve  as  pistons  to  push  these  columns 
of  air  do\\n  the  tube.  The  air  thus  carried  down  bubbles  out 
through  the  mercury  in  the  cistern  at  A,  and  with  each  little 
bubble  there  is  thus  removed  a  portion  of  the  air  originally  in  D. 
By  continuing  this  process,  the  air  in  the  reservoir  D  may  be 
surely,  though  slowly,  carried  to  any  required  degree  of  ex- 
haustion. 


190.  The  Fountain  in  Vacuo.  The  experiment  known  as  the 
fountain  in  vacuo  depends  upon  the  principle  of  the  Sprengel 
pump.  The  flask,  cr  receiver,  A,  Fig.  128,  is  closed  by  a  cork, 
through  which  project  two  tubes,  a  short 
one  BC,  dipping  into  a  vessel  of  water  at 
C,  and  a  longer  one  DE,  terminating  in  a 
cistern  of  water  at  E.  If  the  flask  A  con- 
tains originally  a  little  water,  this  water 
now  flows  out  through  the  tube  DE,  thus 
producing  a  partial  vacuuili  in  A.  The  pres- 
sure of  the  air  upon  the  water  at  C  then  forces 
water  through  the  tube  CB  into  the  flask  A. 
This  water  in  flowing  out  through  the  tube 
DE,  imprisons  little  columns  of  air,  which 
are  carried  down  the  tube  and  bubble  out 
through  the  water  in  the  cistern,  as  in  the 
Sprengel  pump.  Therefore,  as  air  is  being 
continually  removed  from  the  receiver  A, 
the  vacuum  here  grows  more  nearly  perfect, 
and  the  jet  of  water,  rising  like  a  fountain 
from  B,  strikes  with  greater  and  greater 
force  against  the  top  of  the  receiver. 


Fig.   128.   Fountain 
vacuo. 


191.  Mariotte's  Bottle.  We  have  seen,  (p.  185),  that  when 
a  liquid  flows  from  an  opening  near  the  bottom  of  a  reservoir, 
the  flow  takes  place  with  a  velocity  that  depends  upon  the  depth 
of  the  orifice  beneath  the  surface.  As  the  flow  continues,  this 
depth  becomes  less  and  less,  and  the  velocity  with  which  the 
liquid  issues  is,  therefore,  a  decreasing  one.  IMariotte  devised  a 
means   for   maintaining  this   flow   perfectly   constant,   notwith- 
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■standing  the  fact  that  the  level  of  the  liquid  in  the  reservoir 
•continually  falls,  and  the  height  of  the  column  of  liquid  above 
the  orifice,  therefore,  constantly  diminishes. 

This  device,  which  is  still  known  as  IMariotte's  bottle,  Fig. 
129,  consists  of  a  bottle,  or  flask,  closed  at  the  top,  through  the 
cork  of  wiiich,  however,  passes  a  tube  xiB,  open  at  both  ends, 
-and  extending  well  down  into  the  interior  of  the  bottle.  Near 
the  bottom  of  this  flask  is  an  aperture  C,  through  which  the 
liquid  is  to  flow,  and  this  may  be  closed  temporarily  by  a  cork. 
If  the  flask  is  now  filled  with  water  to  any  convenient  height,  as 
D,  the  water  Avill  stand  at  this  same  level  in  the  tube  AB.  If 
the  cork  at  C  is  noAV  withdrawn,  water  will  flow  from  this  ori- 
fice, and  the  level  of  the  water  in  the  tube  AB  will  fall  to  the 
end  of  the  tube  B.  As  the  flow  from  C  continues,  bubbles  of 
air  enter  the  water  at  B  and  rise  to  the  surface  at  D,  the  air 
entering  the  bottle  to  take  the 
place  of  the  water  that  flows  out. 
Tender  these  conditions,  ivntfr 
flows  from  C  with  a  perfectly 
constant  velocity,  and  will  con- 
tinue to  do  so  until  the  level  D 
of  the  water  in  the  bottle  falls 
below  the  end  B  of  the  tube. 
Since  this  flow  is  constant,  it 
follows  that  the  resultant  pres- 
sure at  C  urging  the  water  out- 
ward must  also  be  constant,  and 
it  is,  indeed,  upon  this  constant 
resultant  pressure  at  G  that  the 
action  of  the  bottle  depends. 

Inasmuch  as  air  enters  the  bottle  at  B,  the  end  of  the  tube  B 
is  at  atmospheric  pressure,  and  therefore  all  points  at  the  same 
liorizontal  level,  that  is,  all  points  in  the  plane  ah,  are  also  at 
atmosplieric  pressure.  The  pressure  at  C  acting  inward  is 
simply  the  pressure  of  one  atmosphere,  since  this  is  also  open 
to  the  air.  The  pressure,  however,  at  C  acting  outward  is  the 
pressure  of  one  atmosphere,  Avliich  exists  at  ah,  plus  tlie  pres- 
sure due  to  tlie  weight  of  the  column  of  water,  the  height  of 
which  is  the  depth  of  the  opening  C  below  the  plane  ah.     This 


Fig.    lliO.   :Mariotte"s   bottle. 
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height,  which  we  may  represent  by  h,  remains  perfectly  con- 
stant, and  is  entirely  independent  of  the  distance  of  the  surface 
D  above  the  open  end  of  the  tube  B.  Accordingly,  the  water 
flows  from  C  with  a  resultant  constant  pressure  equal  to  the 
weight  of  a  column  of  water  the  height  of  which  is  li.  If  the 
tube  AB  is  pushed  farther  down  into  the  bottle,  the  height  Ji 
becomes  less,  and  the  velocity  with  which  the  water  issues  from 
the  orifice  is  also  less. 

Mariotte's  bottle,  therefore,  provides  not  only  for  a  constant 
flow  of  water,  but  for  a  flow  that  remains  constant  with  any 
velocity  m'c  may  desire,  depending  only  upon  the  height  of  the 
tube  B  above  the  opening  C.  If  the  tube  AB  is  pushed  down 
until  the  end  B  is  at  the  same  level  as  C,  the  distance  h  becomes 
zero,  the  resultant  pressure  is  then  also  zero,  and  the  flow 
ceases.  Whatever  may  be  the  position  of  the  tube  AB,  the 
pressure  of  the  air  in  the  upper  part  of  the  bottle  is  the  pres- 
sure of  one  atmosphere  minus  the  weight  of  the  column  of 
water  DB. 

192.  Diminution  of  Pressure  due  to  Velocity.  A  phenome- 
non of  unusual  interest,  connected  with  the  flow  of  fluids,  is  ob- 
served when  a  liquid  or  a  gas  issues  from  an  orifice  forming  a 
jet.  To  illustrate,  and  at  the  same  time  explain  this  phenome- 
non, we  may  assume  that  a  liquid,  water  for  instance,  flows 
through  a  tube  that  has  a  constriction.  Fig.  130,  so  that  one 
part  of  the  tube  is  much  smaller  in  cross-section  than  the  re- 
mainder, a,  a^,  a''  may  thus  represent  the  areas  of  these  dif- 
ferent cross-sections,  o'  being  less  than  a  or  a'\  If  the  water 
flows  through  the  tube  without  rupture,  that  is,  if  the  tube  is 
completely  filled  at  every  point,  the  quantity  of  water  passing 
any  cross-section  in  a  given  time  must  equal  the  quantity  pass- 
ing any  other  cross-section  in  the  same  time.     Accordingly,  the 

velocity    with    which 
CL  ^.  the   water   flows  will 


—^:^-^ 


Xr    >^ >>  ir    '>^ *^\s- 


be  different  in  differ- 
ent parts  of  the  tube, 
being  least  where 
the     cross-section     is 

Fig.    130.   Flow   through   a  tube   of  variable  cross-       greatest       and      great— 


^ V: 


DIMINUTION  OP  PRESSURE.  205 

est  where  the  cross-section  is  least,  that  is,  the  velocity- 
is  everywhere  inverse]}-  proportional  to  the  cross-section.  From 
this  it  follows  that  the  product  of  the  cross-section  at  any  point 
and  the  velocity  at  that  point  is  constant,  or  that 

where  v,  v',  v"  are  the  velocities  of  the  water  at  a,  a',  and  a" 
respectively. 

As  the  water  approaches  the  constriction,  its  velocity  becomes 
greater,  increasing  from  v  to  v\  and  therefore  the  momentum  of 
a  mass  m  of  water  increases  from  mv  to  mv' .  But  by  Newton's 
second  law  of  motion  (p.  105),  a  force  is  necessary  to  produce  a 
change  of  momentum,  and  accordingly  a  force,  or,  in  other 
words,  a  pressure,  exists  in  the  water  between  a  and  a'  urging  it 
forward  with  higher  speed,  that  is,  increasing  its  velocity.  This 
pressure  is  transmitted  to  the  sides  of  the  tube,  and  so  the  slop- 
ing walls  of  the  tube  are  likewise  under  pressure  from  the  liquid. 

As  the  water  passes  the  constriction  with  a  high  velocity,  it 
then  enters  the  larger  part  of  the  tube  where  it  is  compelled  to 
move  with  a  lower  velocity.  During  the  passage,  therefore,  from 
«'  to  a" ,  the  momentum  of  the  water  must  be  decreased  from 
wv'  to  mt"",  and  again  a  force  is  required  to  produce  this  change 
of  momentum.  Moreover,  as  the  velocity  is  now  being  decreased 
this  force,  or  pressure,  must  act  in  a  direction  opposite  to  that  in 
whicli  the  water  is  flowing,  so  that  the  sloping  walls  on  this  side 
of  the  constriction  must  likewise  sustain  a  pressure  from  the 
liquid  equal  to  the  force  required  to  change  the  momentum  of 
the  water. 

In  the  constriction,  however,  the  water  is  flowing,  by  Newton 's 
first  law,  with  uniform  motion,  and  therefore,  neglecting  friction, 
it  is  moving  without  the  action  of  any  force  whatever,  that  is,  it 
is  not  under  pressure  itself  nor  does  it  exert  pressure  upon  the 
parallel  sides  of  the  tube.  In  other  words,  the  pressure  exerted 
before  and  after  the  constriction  is  entirely  expended  in  chang- 
ing the  momentum  of  the  water  at  these  points,  and  therefore 
Ls  not  transmitted  to  the  liquid  in  the  constriction.  At  a'  there- 
fore, the  pressure  is  less  than  that  at  a  or  a'^,  and  so  if  a"  is  open 
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to  the  air,  the  pressure  at  a'  is  less  than  atmospheric  pressure- 
Accordingly,  if  a  small  opening  were  made  at  a',  air  would  enter 
this  opening  and  mingle  with  the  water  as  it  rushes  past. 

If  a  tube  were  inserted  in  the  opening,  Fig.  131,  the  lower  end 
dipping  beneath  the  surface  of  a  cistern  of  water,  the  air  in  the 
upper  part  of  this  tube  would  become  exhausted,  and  the  water 
would  rise  in  the  tube  above  the  level  of  the  water  in  the  cistern. 
It  is  interesting  to  observe,  however,  that  if  an  opening  were 
made  in  the  sloping  sides  of  the  tube,  as  at  h,  or  c,  the  water  would 
be  forced  out.  That  is,  at  &  or  c  the  water  is  at  a  pressure 
greater  than  one  atmosphere,  while  at  a'  the  pressure  is  less 

than  one  atmosphere. 
The  princij^le  upon 
which  this  phenom- 
enon depends  may 
therefore  be  ex- 
pressed by  saying 
that  when  a  liquid 
or  a  gas  flows 
through  a  tube  of 
\.\w/^///,:.\vH  varying       cross-sec- 

FiG.  131.   Lateral  diminution  of  pressure  due   to  ve-     fion     the   prcSSUre  it 

exerts  is  least  where 
the  velocity  is  greatest  and  greatest  where  the  velocity  is  least. 

1&3.  The  Atomizer.  The  operation  of  the  device  known  as 
the  atomizer  depends  upon  the  principle  here  set  forth  that  there 
is  a  lateral  diminution  of  pressure  due  to  the  velocity  of  an  issu- 
ing* jet.  In  its  essential  features,  the  atomizer  consists  of  a 
horizontal  tube  AB,  Fig.  132,  contracted  to  a  fine  opening  at  B, 
and  so  supported  that  the  opening  at  B  is  directly  above  the  tube 
CD.  This  tube,  which  is  likeudse  contracted  to  a  small  opening 
at  B,  dips  beneath  the  surface  of  the  liquid  in  the  cistern  or 
reservoir  at  C.  When  air  is  forced  through  the  tube  AB,  it  is- 
sues from  S  as  a  fine  jet,  moving  with  a  high  velocity;  but  it 
soon  expands  into  the  air  beyond,  and  thus  has  its  velocity  di- 
minished. The  air  is  under  pressure  in  the  tube  AB,  where  its 
velocity  is  being  increased,  and  is  also  under  pressure  when  it 
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expands  into  the  atmosphere  beyond  B,  where  its  velocity  is 
being  diminished.  At  B,  therefore,  where  the  velocity  is  great- 
est, there  is  a  lateral  diminution  of  pressure  all  around  the  is- 
suing jet,  and  the  air  immediately  aliout  this  jet  is  at  less  than 
atmospheric  pressure.  In  the  upper  part  of  the  tube  CD  the  air 
accordingly  expands,  passing  out  through  the  orifice  at  D  into 
this  region  of  lower  pressure.  Since  this  leaves  a  partial  vacuum 
in  the  tube  CD,  the  pressure  of  the  air  upon  the  surface  of  the 
liquid  in  the  cistern  at  C  causes 
the  liquid  to  rise  and  fill  this 
tube.  A  tiny  drop  of  liquid 
thus  gathers  at  the  point  of  the 
tube  D,  and  is  blow^n  into  spray 
by  the  jet  of  air  issuing  from 
B.  Its  place,  however,  is  imme- 
diately taken  by  another  drop, 
due  to  the  pressure  of  the  air 
at  C,  and  this  drop  is  likewise, 
minutely  divided  and  scattered 
by  the  impact  of  the  jet  of  air, 
and  so  the  action  of  the  instru- 
ment is  continuous. 

An,  important  application  of 
this  principle  is  made  in  the  use 

of  the  injector,  by  means  of  which  Avater  is  introduced  into  the 
boiler  of  a  steam  engine.  Steam  from  the  boiler  passes  through 
a  long  tube,  from  which  it  issues  as  a  fine  jet  and  passes  again 
into  the  boiler.  The  region  all  about  the  jet  is  connected  with 
the  supply  of  water,  and  the  extremely  high  velocity  of  the 
issuing  jet  of  steam  produces  so  great  a  lateral  diminution  of 
pressure,  that  water  enters  the  jet  upon  the  principle  of  the 
atomizer,  is  blown  into  spray,  and  is  thus  carried  in  the  form  of 
minute  drops  with  the  steam  into  the  boiler. 


Fig.  132.  The  atomizer. 
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194.  Forces  of  Adhesion  and  Cohesion.  In  the  foregoing 
treatment  of  fluids  and  fluid  pressures,  no  consideration  has 
been  given  to  the  attractions,  or  forces,  exerted  by  the  particles 
of  a  fluid  upon  one  another  or  upon  the  walls  of  the  containing 
vessel.  Our  attention  now,  however,  must  be  directed  to  a  class 
of  phenomena,  observed  in  liquids  but  not  at  all  in  gases,  which 
have  their  origin  in  the  attraction  of  the  ultimate  particles  of 
matter  for  one  anotlier. 

Tliat  the  molecules  of  a  liquid  exert  an  attractive  force  upon 
one  another  and  also  upon  the  molecules  of  a  solid  body  may  be 
seen  by  withdrawing  a  glass  rod  from  a  vessel  of  water.  The 
water  remaining  upon  the  rod  gathers  into  a  drop  at  the  bottom, 
Pig.  133,  notwithstanding  the  fact  that  a  force  equal  to  its  weight 
tends  to  separate  it  from  the  rod.  When,  indeed, 
the  separation  is  finally  effected  and  the  drop  falls, 
it  is  found  that  the  rupture  has  taken  place  not 
between  the  water  and  the  rod,  but  between  the 
particles  of  water  themselves,  for  the  end  of  the 
rod  is  still  wet.  It  is  thus  seen  that  the  force  of 
cohesion  of  the  water  over  an  area  equal  to  the 
neck  of  the  drop  is  equal  to  the  weight  of  this 
much  water.  IMoreover,  since  particles  of  water 
still  cling  to  the  rod,  it  is  obvious  that  the  adhesive 
force  between  the  glass  and  the  water  is  greater 
than  the  cohesive  force  of  the  water. 

A  conception  of  the  magnitude  of  these  adhesive 
and  cohesive  molecular  forces  may  be  obtained  by  suspending  a 
perfectly  clean  glass  plate  from  one  side  of  a  balance,  and  counter- 
poising it  by  weights  upon  the  opposite  side.  If  the  glass  plate  is 
now  allowed  to  touch  the  surface  of  water  in  a  vessel  placed  be- 
neath, it  will  be  found  that  the  balance  is  no  longer  in  equilibrium, 


I^iG.  133.  Ad- 
hesion and 
cohesion  of 
water. 
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but  that  the  glass  is  held  upon  the  water  surface  by  the  force  of 
attraction  between  the  two,  Fig.  134.  Additional  weights  may 
now  be  placed  upon  the  opposite  side  of  the  balance,  and  the 
force  necessary  to  pull  the  plate  away  from  the  water  may  thus 
be  determined.  When  this  has  been  accomplished,  it  is  found 
that  the  glass  has  not  been  parted  from  the  water,  since  the  un- 
der surface  of  the  plate  is  still  wet,  but  that  the  force  employed 
has  been  expended 
in  separating  the 
particles  of  water 
from  one  another, 
or,  in  other  words, 
in  overcoming  the 
cohesion  of  the  wa- 
ter. Here  again 
we  have  proof  that 
the  adhesion  be- 
tween glass  and 
water  is  greater 
than  the  cohesion  of  water. 

If  the  experiment  is  now  repeated,  a  vessel  of  mercury  being 
substituted  for  the  water,  it  will  be  found  that  the  glass  and  the 
mercury  likewise  attract  each  other,  and  that  the  force  re- 
<iuired  to  separate  them  is  between  three  and  four  times  as  great 
as  that  reciuired  to  remove  the  glass  from  the  water.  JMoreover, 
it  will  now  be  seen  that  the  glass  is  not  wet  by  the  mercury,  since 
no  particles  of  mercury  cling  to  the  under  surface  of  the  plate. 
The  force,  therefore,  required  to  separate  the  plate  from  the 
mercury  is  a  true  measure  of  the  attraction,  or  adhesion,  of  these- 
two  substances  for  each  other;  tmd  although  this  force  of  ad- 
hesion is  considerable,  it  is  nevertheless  not  so  great  as  is  the 
force  of  eoliesion  l)etween  the  particles  of  mercury. 

Tn  geiiei-al  it  may  be  remarked  that  if  a  solid  is  wet  by  a  licpiid, 
tlie  adhesion  ])etween  the  two  is  greater  than  the  cohesion  of 
the  liquid:  but  if  a  solid  is  not  wet  by  a  liquid,  the  adhesion 
between  them  is  less  than  the  cohesion  of  the  liquid.  The  ad- 
hesive force  between  liquids  and  solids  varies  greatly  with  the 
nature  of  these  substances,  as  may  be  seen  from  the  fact  that 
gold  is  readily  wet  by  mercury,  while  glass  is  not. 
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195.  Change  of  Surface  Form  Near  a  Wall.  Since  the  par- 
ticles of  a  solid  exert  this  great  attractive  force  upon  the  particles 
of  a  liquid,  it  is  not  surprising  to  find  that  the  form  of  a  liquid 
surface  changes  near  the  walls  of  the  containing  vessel,  becoming 
concave  or  convex  according  as  the  adhesion  between  the  walls 
and  the  liquid  is  greater  or  less  than  the  cohesion  of  the  liquid. 
This  may  be  seen  by  considering  the  forces  that  act  upon  a  liquid 
particle  at  the  boundary  between  a  liquid  surface  and  a  solid. 
Thus,  in  Fig.  135,  let  AB  represent  a  liquid  surface,  and  CD  the 
wall  of  the  containing  vessel,  or  the  wall  of  a  solid  body  partly 
immersed  in  the  liquid.  The  particles  of  liquid  in  the  quadrant 
^  BAD  exert  attractive  forces  up- 

on the  liquid  particle  A,  and 
these  forces  may  be  combined  in- 
to a  resultant  force  P,  making 
an  angle  of  45°  with  the  surface 
of  the  liquid.  The  attractions 
upon  A  of  the  particles  of  the 
solid  wall  may  likewise  be  com- 
bined into  a  resultant  force  Q, 
which  is  directed  towards  the 
wall  and  normal  to  it.  Besides  these  forces,  there  is  the  weight 
of  the  particle  A  which  acts  vertically  downward.  The  force 
P  may  be  resolved  into  two  components,  one,  P  cos  45°,  or  P^ 
acting  in  the  horizontal  direction  away  from  the  wall,  and  the 
other,  P  sin  45°,  acting  in  the  vertical  direction  downward.  The 
latter  component  may  be  added  to  the  weight  of  the  particle, 
thus  forming  a  total  vertical  downward  force  of  mg  +  P  sin  45°, 
If  we  now  choose  one  of  the  horizontal  directions,  AE,  for  in- 
stance, as  positive,  we  find  that  the  particle  A  is  acted  upon  by 
a  resultant  horizontal  force  equal  to  Q — P^  and  by  the  resultant 
vertical  downward  force  just  mentioned. 

There  are  now  three  possible  conditions  of  equilibrium  de- 
pending upon  the  relative  magnitudes  of  Q  and  P'. 

1.  If  ^  >  P',  the  resultant  horizontal  force  is  directed  from 
A  toward  the  wall.  Fig.  136,  and  this  may  be  compounded  with 
the  total  vertical  force  acting  on  A  to  give  a  final  resultant  AR 
which  lies  in  the  quadrant  EAD.   "We  have  learned,  however,  (p. 


Fig.  135.  Forces  of  attraction  near  a 
wall. 
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Fig. 


136.   Elevation    of    surface 
when  the  wall  is   wet. 


172)  that  the  surface  of  a  liquid  must  be  perpendicular  to  the  re- 
sultant of  all  the  forces  acting,  hence  at  A  it  cannot  be  horizon- 
tal. The  liquid  at  this  point  must  therefore  rise  and  be  inclined 
to  the  wall  at  such  an  angle  that  the  surface  is  perpendicular 
to  the  resultant  AB.  As  the  distance  from  the  wall  increases, 
the  attractive  force  due  to  the  wall  ^ 

becomes  less,  the  resultant  force  act- 
ing on  the  particle  approaches  more 
nearly  the  vertical,  and  the  surface 
soon  becomes  horizontal.  Therefore, 
if  the  adhesion  between  a  solid  aud 
a  liquid  is  greater  than  the  cohesion 
of  the  liquid,  that  is,  if  the  solid  is 
wet  by  the  liquid,  the  latter  wall  rise 
upon  the  side  of  the  solid,  and  the 
surface  will  be  concave  upward. 

2.  If  Q  <C  P',  the  resultant  horizontal  force  upon  A  is  di- 
rected away  from  the  wall,  Fig.  137,  and  this,  combined  with 
the  total  vertical  force,  yields  a  resultant  which  lies  in  the 
quadrant  BAD.  Again  the  surface  of  the  liquid  must  be  per- 
pendicular to  this  resultant,  hence,  in  this  case  also,  the  surface 
near  the  wall  is  not  horizontal,  but  is  rounded  away  from  the 
Avail,  the  inclination  at  each  point  being  such  that  the  surface  is: 
everj^ where  perpendicular  to  the  resultant  AR.  The  total  re- 
sultant force  acting  on  a  surface 
jjarticle  rapidly  approaches  the  ver- 
tical direction  as  the  distance  from 
the  wall  increases,  so  that  the  sur- 
face soon  becomes  horizontal.  Ac- 
cordingly, if  the  cohesion  of  the 
liquid  is  greater  than  the  adhesion 
between  the  liquid  and  the  solid,  or, 
in  other  words,  if  the  liquid  does 
not  wet  the  solid,  the  liquid  is  de- 
pressed around  the  edges,  and  the  surface  is  convex  upward. 

3.  If  Q  =  P',  the  resultant  horizontal  force  is  zero,  the  only 
force  then  acting  upon  the  particle  is  the  total  resultant  vertical 
force,  and  the  surface  is  horizontal  throughout.     Tn  practice, 


Fig.  1.37.  Depression  of  surface 
when  the  wall  is  not  wet. 
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however,  it  seldom  happens  that  the  cohesive  force  of  a  liquid 
is  thus  exactly  equal  to  the  adhesive  force  between  the  liquid  and 
an  immersed  solid. 

196.  The  Surface  Film  and  the  Normal  Pressure.  Before 
investigating  further  the  forces  of  attraction  between  a  liquid 
and  a  solid,  it  is  necessary  to  consider  in  detail  the  unusual 
molecular  condition  that  exists  at  the  surface  of  a  liquid.  Let 
m,  Fig.  138,  represent  a  liquid  molecule,  surrounded  by  an  imag- 
inary sphere,  which  we  may  call  its  sphere  of  activity,  or  sphere 
of  attraction,  (p.  6),  and  let  this  molecule  be  situated  so  far 
beneath  the  surface  of  the  liquid  that  the  sphere  of  attraction 
does  not  touch  the  surface.  In  this  case  the  molecule  is  sur- 
JTOunded  by  similar  molecules  on  all  sides,  so  that  the  attractions 
of  neighboring  molecules  are  perfectly  symmetrical. 

If,  however,  the  molecule  is  situated  exactly  in  the  surface,  as 
at  ?h'',  this  molecule  is  attracted  laterally  and  downward  by  the 
adjacent  molecules,  but  can  experience  no  attraction  upward, 
siice  half  of  its  sphere  of  attraction  is  above  the  surface.     The 

attraction  of  the  molecules 
in  the  lower  hemisphere  in 
any  direction  may  be  re- 
solved into  a  horizontal  and 
a  vertical  component.  The 
horizontal  components,  by 
symmetry,  hold  one  another 
everywhere  in  equilibrium, 
while  the  vertical  compo- 
nents combine  into  a  single 
force  acting  at  right  angles  to  the  surface.  All  surface  particles, 
therefore,  sustain  a  force  which  acts  normally  to  the  surface,  and 
is  not  unlike  a  pressure. 

If  the  particle  is  situated,  as  at  m\  so  that  a  portion  only  of 
its  sphere  of  attraction  projects  above  the  surface,  a  plane  df, 
symmetrical  with  the  surface,  may  be  laid  through  this  sphere, 
cutting  off  the  portion  def,  similar  in  every  way  to  the  portion 
ahc.  The  attractions  of  the  molecules  within  the  portion  adfc 
are   everywhere   symmetrical   and   therefore  need  not   be   con- 


13N.     'I'lio  normal  iiiolccnliir  [irrssure 
upon  the  surface  of  a  li(iuicl. 
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sidered.     It  follows,  therefore,  that  the  attractions  ->: 

eules  in  the  spherical  segment  dcf  are  alone  effecti    ■,  ie 

combine  into  a  resultant  force  acting  vertically  do^^^award. 

What  is  true  of  these  molecules  is  also  true  of  all  particles 
lying  nearer  the  surface  than  the  range  of  their  molecular  at- 
traction, for  these  do  not  have  their  spheres  of  attraction  com- 
pletely filled  with  liquid.  If  we  imagine  a  plane  laid  within  the 
liquid  and  parallel  to  the  surface,  the  distance  of  this  plane  from 
the  surface  being  the  radius  of  the  spheres  of  attraction,  w^e 
see  that  the  molecular  relations  over  this  superficial  layer  are 
different  from  the  conditions  existing  in  the  main  body  of  the 
liquid.  The  particles  of  this  layer  are  under  the  influence  of 
molecular  forces  acting  everywhere  perpendicular  to  the  sur- 
face, the  effect  of  which  is  to  subject  the  entire  superficial  layer 
to  a  normal  pressure. 

197.  The  Energy  of  the  Superficial  Film.  Since  this  nor- 
mal pressure  exists  only  at  the  surface  of  a  liquid,  it  follows 
that  work  must  be  done  in  transferring  a  particle  from  the  in- 
terior, where  this  pressure  does  not  exist,  up  into  the  surface, 
against  the  action  of  this  normal  molecular  force.  Therefore, 
any  change,  in  the  form  of  a  liquid  mass  that  brings  a  larger 
number  of  particles  into  the  surface,  that  is,  any  change  that 
increases  the  area  of  the  surface,  such  as  flattening  out  a  spher- 
ical drop  into  a  film.  Fig.  139,  requires  the  expenditure  of  work. 
From  this  it  follows  that  a 
liquid  surface  represents  a  cer- 
tain amount  of  work  done ;  and 
the  work  that  has  thus  been 
performed  in  causing  the  sur- 
face to  be  increased  in  extent 
remains  in  the  superficial  film 
in  the  form   of  potential  en- 

Accordingly,  the  surface  of 
a  liquid  represents  a  definite 
store  of  potential  energv;  and       ^       io„  t,.    ,  ,.   ,      ., 

^  ^'  Fii;.     1.39.  Work    must    be    done    In 

this   amount   of  energv  Avill   re-  bringing    liquid    particles   from    the 

=•  interior  into   the   surface. 


r 
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main  undiminished  in  the  bounding  film  so  long  as  the  area  of  the 
liquid  surface  undergoes  no  change.  Because  of  the  universal 
principle,  however,  that  potential  energy  tends  towards  a  mini- 
mum (p.  122),  the  energy  of  the  film,  which  is  proportional  to 
the  extent  of  the  surface,  will,  if  possible,  decrease  in  amount. 
But  the  store  of  energy,  thus  represented  by  the  surface  film, 
can  become  less  only  as  this  film  itself  becomes  smaller.  Every 
liquid  surface,  therefore,  is  under  a  strain,  or  tension,  always 
tending  to  contract,  and  always  tending  to  reduce  its  area  to  the 
smallest  possible  value. 

198.  Surface  Tension.  Although  the  contraction  of  a  liquid 
film  is  due,  as  we  have  seen,  to  the  inherent  tendency  of  po- 
tential energy  to  decrease  in  amount,  the  effect  thereby  produced 
is  the  same  as  if  forces  of  attraction  existed  between  the  mole- 
cules, acting  everywhere  parallel  to  the  surface,  and  causing 
the  superficial  layer  to  contract.  In  the  year  1805,  Thomas 
Young  referred  to  the  surface  of  a  liquid  as  being  under  ten- 
sion; and  since  that  time  the  expression  "surface  tension"  has 
been  used  to  denote  this  peculiar  contractile  condition  of  the 
surface.  Indeed,  the  superficial  layer  of  a  mass  of  liquid  has 
been  likened  to  a  thin,  elastic  skin,  or  membrane,  tightly 
stretched  over  the  surface,  always  under  tension,  and  conse- 
quently always  tending  to  contract. 

While  no  such  skin,  or  membrane,  actually  covers  a  liquid, 
and  while,  so  far  as  is  known,  no  forces  other  than  those  of 
cohesion  really  exist  between  the  molecules  of  the  surface,  the 
analogy  suggested  by  Thomas  Young  has  been  adopted,  and  the 
contraction  of  a  liquid  surface  is  now  universally  said  to  be  due 
to  its  surface  tension.  This,  however,  is  only  figurative ;  and 
the  true  cause  of  the  effect  which  this  expression  represents  is 
found  in  the  constant  tendency  of  the  potential  energy  in  a 
free  liquid  surface  to.  assume  a  minimum  value. 

199.     Spherical  Form  of  Drops    Due    to    Surface    Tension. 

From  the  above  consideration  it  is  evident  that  a  mass  of 
liquid,  if  free  to  contract  under  the  action  of  forces  resident  in 
its  surface,  will  be  forced  into  the  form  having  the  smallest  pos- 
sible superficial  area.     Since  a  sphere  has  the  minimum  surface 
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for  a  given  volume,  it  follows  that  a  mass  of  liquid,  if  unin- 
fluenced b}^  other  forces,  assumes  the  spherical  form,  as  may  be 
seen  in  drops  of  rain  and  drops  of  dew.  Indeed,  the  compres- 
sion of  a  body  of  liquid  into  the  spherical  form  may  be  regarded 
as  occasioned  by  the  contraction  of  this  skin,  or  membrane, 
with  which  the  surface  of  a  liquid  may  be  conceived  as  covered. 
It  is,  moreover,  because  of  this  elastic,  tightly-stretched,  super- 
ficial layer,  %vhich  strongly  suggests  a  membrane  under  tension, 
that  phenomena  which  depend  upon  this  surface  film  are  in- 
cluded under  the  general  head  of  surface  tension. 

The  oscillations  of  a  falling  drop  of  water  (p.  187)  are  due 
to  the  superficial  contraction  of  the  elongated  drop ;  but  the 
inertia  of  its  particles  carries  it  past  the  spherical  form  until  it 
is  elongated  in  the  opposite  direction,  and  the  same  process  is 
then  repeated.  When  a  jet  of  water  falls  vertically  doAvnward, 
the  constrictions  that  form  in  the  cylindrical  part  of  the  .jet 
just  before  the  drop  breaks  away  are  due  to  the  contraction  of 
the  superficial  film.  The  more  complete  theory  of  surface  ten- 
sion, which  cannot  well  be  taken  up  here,  show^s  that  a  cylinder 
of  liquid  is  in  equilibrium  with  its  bounding  film  so  long  as  its 
length  is  not  greater  than  its  circumference.  "When,  however, 
this  limit  is  exceeded,  the  contractile  tendency  of  this  film  causes 
a  constriction,  or  neck,  to  form  in  the  cylinder,  and  the  rupture 
is  effected  at  this  point.  It  is  interesting  to  observe  that  after 
the  drop  has  fallen,  the  superficial  contraction  of  the  liquid  form- 
ing the  neck  forces  the  latter  also  into  the  spherical  form,  so  that 
a  tiny  droplet  appears  between  every  two  drops  of  the  falling 
stream,  as  shown  in  Fig.  118. 

Another  beautiful  illustration  of  the  fact  that  a  cylinder  of 
liquid  develops  necks,  whenever  its  length  is  greater  than  its 
circumference,  is  found  in  the  web  of  the  common  geometrical 
garden  spider.  "When  examined  with  a  lens,  each  strand  of 
this  web  is  found  to  be  covered  with  minute  globules  of  a  sticky 
substance,  serviceable  in  catching  insects,  the  whole  forming  the 
appearance  of  tiny  pearl  beads  threaded  upon  a  string  with 
great  regularity.  These  globules  are  not  put  in  position  after 
the  web  is  made,  for  this  w^ould  be  quite  impossible,  as  their 
number  often  exceeds  a  million.     To  accomplish  this  distribu- 
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tion,  the  spider,  as  it  spins  its  web,  spins  also  around  each  strand, 
and  concentric  with  it,  a  cylinder  of  this  sticky  material.  Alon^ 
this  cylinder,  constrictions,  or  necks,  then  develop  at  distances 
apart  equal  to  its  circumference,  and  the  surface  tension  of  the 
liquid  soon  forces  the  segments  thus  produced  into  the  spherical 
form.  Even  the  small  amount  of  this  substance  still  remaining 
upon  the  moistened  thread  gathers  likewise  into  minute  globules 


Fig.    140.  A   spider's   web,    showing   globules   of    sticky    material ;    magnified    2.'i0 

diameters. 

midway  between  the  larger  drops,  as  may  be  seen  in  Fig.  140, 
which  is  from  a  photograph  of  a  spider's  web  taken  under  the 
microscope. 

200.  Measurement  of  Surface  Tension  and  Surface  Energy. 

An  illustration  of  the  tendency  of  a  film  to  contract,  and  at  the 

same  time  a  measure  of 
the  surface  tension  of 
this  film,  may  be  ob- 
tained by  withdraAving 
from  a  soap  solution  a 
A-shaped  frame  AB, 
Fig.  141,  upon  which  is 
laid  a  freely  sliding  Avire 
CD.  A  liquid  film  then 
occupies  the  area  be- 
tween the  frame  and 
the  wire ;  and  as  this 
tends  to  contract,  it 
draws  tlie  wire  towards 
the  upper  part  of  the 
frame,  thereby  lifting  it 

Fig.  141.  Measiiremeut  of  surface  teiisiou.  against      the       forCC       of 
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gravity.  If  T  represents  the  tension  existing  upon  a  line  of  par- 
ticles of  unit  length  in  each  surface  of  the  film,  the  total  force 
applied  to  the  movable  wire  is  2.TCD,  since  the  film  has  two 
surfaces.  The  wire  remains  in  equilibrium  when  the  total  up- 
Avard  tension  upon  it  is  equal  to  its  Aveight  mg,  that  is.  when 

2TC  D  =  mg, 


or 


2'  —      ^   "J     dynes  per  ceiiti meter. 
2  CD     " 


If  the  frame  has  parallel  arms,  as  in  Fig.  142,  the  wire  CD  is 
lifted  through  the  height  CA,  and  each  surface  of  the  film  in 
contracting  has  done  an  amount  of  work  equal  to 


T  CD-CA. 

The  surface,  hoAvever,  has  now  decreased 
in  extent  by  the  area  CDCA;  and  if  E 
represents  the  energy  per  unit  of  area  of 
the  film,  the  total  energy  of  the  surface 
has  been  decreased  by 

ECD  CA 

Hut  the  potential  energy  the  film  has  lost 
must  e(|ual  the  Avork  the  film  has  perform- 
ed, hence 

ECD  CA=TCDCA 


IT 


TJ 


D 


Fig.  142.  Measure- 
ment of  surface 
energy. 


or 


E  =  T. 


-^0 


In  other  Avords,  the  energy  of  the  film  per  unit  of  area  is  nu- 
merically equal  to  the  tension  of  the  film  per  unit  of  length. 


.^"^ 
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201.  Phenomena  Due  to  Surface  Tension.  Numerous  Ta- 
miliar  illustrations  give  abundant  proof  of  the  existence  of 
this  membrane-like  film  over  the  surface  of  a  liquid.  Many  lit- 
tle insects  move  about  upon  the  surface  of  water,  being  sup- 
ported solely  by  this  film.  The  tiny  indentation  of  each  foot 
upon  the  surface  shows  that  the  weight  of  the  insect  exerts  a 
pressure  upon  this  membrane,  but  this  is  not  sufficient  to  break 
through  the  film.  If  a  common  sewing  needle  is  carefully  laid 
upon  the  surface  of  water.  Fig.  143,  it  will  float  upon  the  sur- 
face, provided  only  that  care  is  taken  to  have  the  needle  per- 
fectly dry.  As  soon,  however 
as  it  is  even  slightly  moist- 
ened by  the  water,  it  is  then 
beneath  the  film  which  would 

Fig.  143.  A  sewing  needle  floating  upon     otherwise    SUpport    it,    and    it 
the  surface  film  of  water.  f^jj^    ^^    ^^^    ^^^^^^    ^^    ^^^^ 

vessel. 

If  the  wires  of  a  small  sieve  are  very  fine,  and  are  coated 
with  a  film  of  wax  or  paraffine  so  that  they  will  not  be  wet  by 
water,  the  sieve  may  be  floated  upon  a  water  surface  without 
sinking,  the  weight  of  the  sieve  being  insufficient  to  break 
through  the  surface  film  upon  which  it  rests.  Water  may  also 
he  carried  in  such  a  sieve,  the  weight  of  the  water  in  this  case 
being  less  than  the  pressure  required  to  pierce  the  membrane- 
like film  that  forms  over  each  small  mesh. 

When  a  eamel's-hair  brush  has  been  wet  with  water,  the 
hairs  cling  tightly  together,  not  because  the  brush  is  wet,  since 
the  hairs  stand  apart  when  the  brush  is  beneath  the  surface 
of  the  water,  but  because,  when  the  brush  is  withdrawn,  the  con- 
traction of  the  surface  film  draws  the  hairs  together.  Water, 
when  poured  from  a  beaker,  may  be  prevented  from  running 
down  the  side  of  the  vessel  by  holding  a  glass  rod  against  the 
edge,  and  in  this  case  the  water  follows  the  rod.  When  the 
water  wets  the  rod,  the  liquid  film  about  the  moistened  rod 
forms,  as  it  Avere,  an  elastic  tube  through  which  the  mass  of 
the  liquid  is  then  poured. 

The  contractile  tendency  of  ithis  superficial  film  may  be 
beautifully  shown  by  dipping  into  a  soap  solution  a  wire  ring 
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two  or  tliree  inches  in  diameter,  provided  with  a  handle.  When 
this  is  withdrawn,  a  film  of  the  solution,  consisting  almost  ex- 
clusively of  this  superficial  layer,  covers  the  ring.  If  a  loop  of 
thread,  previously  moistened  with  the  soap  solution,  is  now 
thrown  upon  this  film.  Fig.  144,  the  loop  will  assume  an  irregu- 
lar form,  and  will  remain  in  equilibrium,  since  the  soap  film 
extends  over  the  interior  as  well  as  the  exterior  of  the  loop, 
and  the  tensions  within  and  without  are  the  same.  When  the 
film  within  the  loop  is  broken  by  touching  it  with  a  hot  wire, 


Fig.    144.  The    coutractiou   of   a   soap    film. 


the  tension  there  disappears  with  the  film,  and  the  loop  is 
immediately  pulled  out  into  a  circular  form  by  the  now  un- 
balanced tension  of  the  exterior  parts  of  the  film. 

A  conception  of  the  very  great  surface  tension  of  pure  water, 
and  of  the  amount  by  which  dissolved  substances  Aveaken  tliis 
tension,  may  be  obtained  by  scraping  a  few  flakes  of  camphor 
upon  a  perfectly  clean  surface  of  water.  The  camphor  is 
slightly  soluble  in  water,  and  dissolves  more  readily  from  the 
points  and  angles  of  the  flakes  than  from  the  rounded  surfaces 
and  edges.  Accordingly,  the  larger  amount  which  thus  dissolves 
from  the  points  and  corners  weakens  the  surface  tension  to  a 
greater  extent  than  does  the  smaller  amount  which  dissolves 
from  the  more  rounded  portions.  The  stronger  surface  tension 
where  the  solution  has  been  less  then  overcomes  the  weaker  ten- 
sion where  the  solution  lias  been  greater,  and  the  camphor  flake 
is  thus  pulled  about  the  surface  by  this  unequal  tension  on  its 
opposite  sides.    If  a  number  of  flakes  are  thus  scraped  upon  a 
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water  surface,  and  if  the  water  is  perfectly  clean  and  free  from 
oily  matter,  the  most  curious  and  interesting  rotary  motions  of 
the  flakes  are  produced. 

202.  Surface    Tension   Over   Curved   Surfaces — Capillarity. 

A  remarkable  effect  of  the  superficial  tension  of  a  liquid  is  the 
change  in  the  normal  pressure  produced  by  this  tension  when  the 
surface  of  the  liquid  is  curved.  In  this  case,  the  tangential  forces 
T,  as  they  act  upon  adjacent  particles,  make  an  angle  with  one 
another ;  and  since  these  forces  are  then  no  longer  equal  and  op- 
posite, they  yield  a  resultant  E.  This  resultant,  which  al  ways- 
acts  toward  the  center  of  curvature,  is  directed  towards  the 
liquid  mass  if  the  surface  is  convex.  Fig.  145,  and  away  from 
the  liquid  mass  if  the  surface  is  concave  Fig.  146.  Accordingly, 
a  convex  surface  sustains  a  normal  pressure  greater  than  that 


Fig.  145.  The  increased  normal  pres- 
sure upon  a  convex  surface. 


Fig.  146.  The  decreased  normal  pres- 
sure   upon   a   concave   surface. 


upon  a  plane  surface,  while  a  concave  surface  sustains  a  normal 
pressure  less  than  that  upon  a  plane  surface.  ]\Ioreover,  as 
this  normal  component  of  the  tension  increases  with  the  curva- 
ture, the  change  in  the  normal  pressure  is  greater  the  smaller 
the  radius  of  curvature  of  the  surface. 

The  fact  that  the  normal  pressure  due  to  this  surface  film  is 
less  over  a  concave  surface  and  greater  over  a  convex  surface 
leads  to  most  interesting  results  when  a  fine,  or  capillary,  tube 
is  immersed  in  a  liquid.  If  the  liquid  wets  the  tube,  as  is  the 
case  with  glass  and  water,  Fig.  147,  the  surface  of  the  liquid 
becomes  concave  upward,  as  we  have  seen  (p.  211),  and  the 
normal  molecular  pressure  is  then  less  over  this  concave  surface 
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than  over  the  plane  surface.  Accordingly,  the  liquid  will  rise 
in  the  tube  and  stand  at  such  a  height  that  the  weight  of  this 
column,  together  with  the  decreased  normal  pressure  upon  the 
concave  surface  just  equals  the  normal  molecular  pressure  upon 
the  plane  surface  of  tlie  liquid  outside  the  tube.  If  the  liquid 
does  not  wet  the  tube,  that  is,  if  the  two  behave  like  glass  and 
mercury.  Fig.  148,  the  surface  of  the  liquid  is  everywhere  con- 


FiG.   147.   Iiise  of  water  in 
a    capillars'    tube. 


Fig.  148.  Depression  of 
mercury  lu  a  capillarj' 
tube. 


vex  and  the  liquid  within  the  tube  is  depressed.  Moreover,  the 
amount  of  this  depression  is  such  that  the  increased  pressure 
upon  the  convex  surface  of  the  liquid  within  the  tube  is  eciual 
to  the  weight  of  a  column  of  the  liquid  the  height  of  which  is 
the  depth  of  the  depressed  surface  below  the  level  of  the  liquid 
in  the  vessel.  Thus  it  is  seen  that  the  phenomena  of  capillarity 
depend  upon  those  of  surface  tension,  and  upon  the  changes  in 
the  normal  pressure  M'hich  this  tension  brings  about  when  the 
surface  of  tlie  li(|uid  is  convex  or  concave. 

203.  Measurement  of  Surface  Tension  by  Capillarity.  This 
change  iu  tlie  normal  ])ressure  over  a  convex  or  a  concave  sur- 
face, enables  us  to  regard  the  elevated  column  of  liquid  in  a 
capillary  tube  as  hanging  by  the  sui)ei-ficial  film,  or  membrane, 
from  its  point  of  attachment  where  liciuid  and  wall  meet.  Ac- 
cordingly, the  tension  per  unit  lengtli  at  tliis  ])()int  of  juncture, 
multiplied  by  the  num])er  of  units  of  length  around  the  inner 
circumference  of  the  tube,  equals  the  weight  of  the  elevated 
column  of  liquid.  Accordingly,  if  T  is  tlie  tension  per  unit 
length,  r  the  radius  of  the  tube,  /;   the  height  of  the  elevated 
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column,  d  the  density  of  the  liquid,  and  g  the  acceleration  of 
gravity, 


or 


T  = 


h<hj^ 


In  a  similar  way,  the  elevation  of  the  liquid  upon  the  out- 
side of  the  tube  or  against  the  wall  of  the  containing  vessel  may 
likewise  be  regarded  as  a  condition  of  equilibrium  between  the 
superficial  tension  and  the  weight  of  the  elevated  liquid.  Here 
again  the  liquid  hangs  by  its  superficial,  membrane-like  film 
from  the  place  where  this  is  attached  by  adhesion  to  the  wall 
of  the  vessel. 

204.  Capillary  Phenomena.  A  porous  body  may  be  regarded 
as  a  collection  of  extremely  irregular,  minute  capillary  tubes^ 
so  that  many  familiar  processes,  such  as  drying  the  hands  with 
a  towel,  the  absorbent  action  of  blotting  paper,  and  the  eleva- 
tion of  oil  in  the  wick  of  a  lamp,  may,  like  other  capillary  phe- 
nomena, be  referred  to  causes  that  have  their  origin  in  surface 
tension. 

The  above  expression  for  the  surface  tension  shows  that  the 
height  to  which  a  liquid  rises  in  a  capillary  tube  is  inversely 
proportional  to  the  radius  of  the  tube ;  that  is,  the  finer  the  tube, 
the  greater  the  height  to  which  the  liquid  rises.  This  law, 
which  is  known  as  Jurin's  law,  may  be  beautifully  illustrated 
by  placing  two  clean  glass  plates  in  a  vessel  of  water,  the  plates 
being  in  contact  along  one  edge,  and  separated  a  short  distance 
on  the  opposite  side,  so  that  a  wedge-shaped  space  is  left  between 
them.  If  these  plates  are  then  immersed  in  water,  the  water 
rises  by  capillarity  between  them,  rising  theoretically,  at  least, 
to  an  infinite  height  at  the  edge  Avhere  the  plates  come  in  con- 
tact, and  diminishing  in  height  as  the  distance  from  the  edge 
increases,  so  that  the  height  to  which  the  water  rises  is  every-^ 
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where  inversely  proportional  to  the  distance  between  the  plates. 
The  water  thus  forms  a  beautiful  curve,  known  as  the  equi- 
lateral hyperbola,  in  the  wedge-shaped  space  between  the  plates, 
the  edge  where  the  plates  come  together  and  the  surface  of 
the  water  in  the  containing  vessel  being  the  asymptotes. 

It  is  a  well  known  fact  that  when  a  soap  bubble  is  suspended 
for  a  few  moments  from  the  pipe  from  which  it  was  blown,  the 
bubble  contracts,  and  forces  the  air  out  through  the  pipe.  This 
familiar  phenomenon  is  due  to  the  fact  that  the  outer  surface 
of  the  bubble  is  convex  and  therefore  has  a  great  normal  moleci- 
ular  pressure  inward,  (p.  220),  while  the  inner  surface  is  con- 
cave and  has  a  smaller  normal  molecular  pressure  outward. 
The  pressure  due  to  this  surface  film  is  therefore  greater  from 
the  outside  inward  than  from  the  inside  outward,  and  the  bubble 
accordingly  contracts  with  a  force  equal  to  the  resultant  of  these 
two  pressures. 

To  a  similar  cause  may  be  ascribed  the  movement  of  a  drop  of 
liquid  when  placed  in  a  conical  tube.  If  the  liquid  wets  the  tube, 
Fig.  149,  the  surface  is  concave  at  each  end  of  the  drop,  the 
curvature  being  greater  towards  the  smaller  end.  On  the  sur- 
face of  the  liquid  towards  the  smaller  end,  the  pressure  due  to 
this  very  concave  film  is  less  than  that  upon  the  other  end, 
hence  the  resultant  force  due  to  the  unequal  pressure  of  the 
surface  film  upon  the  two  ends  of  the  drop  is  towards  the  smaller 
end  of  the  tube.  The  drop,  therefore,  moves  from  a  part  of  the 
tube  where  the  cross-section  is  large  towards  the  part  where  the 
cross-section  is  less.  If,  however,  the  liquid  does  not  wet  the 
tube,  as  in  the  case 
of  mercury  and 
glass,  the  surface 
of  the  drop  is  con-  ^ >- 

vex    at    both    ends,        fig.    149.  Movement   of  Fig.    150.  Movement   of 

water    in    a    conical  mercury  in   a  conical 

Fig.  150,  the  CUrV-  glass  tube.  glass  tube. 

ature  of  the  convex 

surface  being  greater  towards  the  smaller  end  of  the  tube.  The 
normal  pressure  due  to  the  surface  film,  accordingly,  is  greater 
on  the  end  of  the  drop  having  the  sharper  convexity,  hence  the 
resultant  pressure  is  towards  the  larger  end,  and  the  drop  moves 
towards  the  part  of  the  tube  where  the  cross-section  is  greater. 
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205.  Attractions  and  Repulsions  Due  to  Capillary  Phenom- 
ena. Very  interesting  phenomena  of  attraction  and  repulsion 
are  observed  when  various  objects  are  floated  upon  this  surface 
film  of  a  liquid.  Two  objects  that  are  wet  by  the  liquid,  as  two 
pieces  of  wood  floating  upon  water,  will  attract  each  other,  or 
two  objects  that  are  not  wet  by  the  liquid,  as  two  sewing  needles 
likewise  floating  upon  water,  will  also  attract  each  other,  while 
two  objects,  one  of  which  is  wet  by  the  liquid  and  the  other  is 
not,  will  repel  each  other.  In  the  same  way,  two  glass  plates 
suspended  by  threads  and  partly  immersed  in  water  will  attract 
each  othe¥,  or  two  glass  plates  partly  immersed  in  mercury 
will  also  attract  each  other,  while  two  plates,  one  of  which  is  wet 
by  the  liquid  while  the  other  is  not,  will  repel  each  other.  The 
cause  of  these  phenomena  in  all  eases  is  purely  hydrostatic. 

In  the  first  instance,  when  wetting  occurs,  Fig.  151,  the 
liquid  between  the  plates,  bein.T  surmounted  by  a  concave  me- 
niscus, stands  above  the  general  level,  and  the  pressure  within 
the  elevated  column  must  accordingly  be  less  than  that  upon  the 
exterior  (p.  221).  That  is,  if  C  is  a  point  between  the  plates  in 
the  same  plane  as  the  general  level,  the  pressure  at  C  must  be 
the  same  as  that  at  the  surface  AB.  Because  of  the  concave 
meniscus,  any  point  above  C,  as  D,  is  at  a  pressure  less  than  this 
amount  by  the  weight  of  the  column  of  liquid  CD.  Since  the 
pressure  between  the  plates  is  thus  less  than  the  exterior  pres- 
sure, the  resultant  pressure  is  inward,  and  the  plates  are  pushed^ 
together  with  a  force  which  is  equal  to  the  weight  of  the  column 
of  liquid  from  C  up  to  the  curved  surface. 

In  the  second  instance,  where  the  convex  meniscus  between 
the  plates  stands  lower  than  the  general  level.  Fig.  152,  the 
pressure  at  C  is  the  same  as  that  for  points  in  the  same  horizon- 
tal plane  DE.  Since  there  is  no  liquid,  and  therefore  no  pres- 
sure, above  C^  the  two  plates  are  pushed  together  because  of  the 
exterior  hydrostatic  pressures  AD  and  BE. 

In  the  third  instance,  Fig.  153,  where  one  plate  is  wet  by  the 
liquid  while  the  other  is  not,  the  elevation  of  the  liquid  upon  the 
wet  plate  lessens  the  depression  upon  the  plate  that  is  not  wet, 
and  this  depression  upon  the  latter  plate  lessens  the  elevation 
of  the  liquid  upon  the  former.     Accordingly,  the  liquid  between 
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the  plates  stands  lower  against  the  one  that  is  M'et,  and  higher 
against  the  one  that  is  not  wet,  than  it  would  if  each  plate  were 
alone.  But  we  have  just  seen  that  the  greater  pressure  exists 
upon  tlie  side  of  the  lower  level  in  the  ease  where  the  plate  is 
wet  by  the  liquid  and  upon  the  side  of  the  higher  level  in  the 


Fig.  151.  Attraction 
between  plates  wet 
by    a    liquid. 


Fig.  152.  Attraction 
between  plates  not 
wet    by    a    liquid. 


Fig.  153.  Repulsion 
between  a  plate 
which  is  wet  by  a 
liquid  and  one 
which    is    not    wet. 


•case  where  the  plate  is  not  wet.  Therefore,  since  the  pressure 
outward  upon  each  plate  is  greater  than  the  pressure  inward ^ 
tlie  plates  move  aj^art  in  obedience  to  the  greater  pressure  in 
this  direction. 

Another  illustration  of  the  attraction  between  bodies  due  to 
capillarity  is  found  in  the  force  with  which  two  plates  attract 
•each  other  when  they  are  pressed  together  with  a  drop  of  water 
or  otlier  wetting  liquid  between  them,  Fig.  154.  The  water  is 
thus  flattened  out  in- 

niscus  of  very  great 

Fig.  154.  Attraction  hotweon  plates  wet  by   a  film 

curvature,  due  to  the  of  liquid, 

exceedingly  small  dis- 
tance between  the  plates.    But  we  have  just  seen  (p.  220),  that 
the  pressure  within  a  liquid  bounded  by  a  concave  surface  is 
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less  than  the  normal  amount  by  the  weight  of  a  column  of  the 
liquid  the  height  of  which  is  directly  as  the  curvature  of  the 
meniscus,  that  is,  in  this  instance,  inversely  as  the  distance  be- 
tween the  plates.  Since  the  pressure  upon  the  outside  of  the 
plates  is  one  atmosphere,  the  pressure  in  the  liquid  between  them 
is  therefore  less  than  this  amount,  and  the  plates  are,  accord- 
ingly, forced  together  with  a  pressure  which  is  the  resultant  of 
these  two. 

If  the  plates  are  entirely  submerged  in  the  water,  the  menis- 
cus disappears,  the  pressures  within  and  without  are  then  the 
same,  and  they  no  longer  attract  each  other. 


206.  The  Plateau  Figures.  Although  totally  blind,  Plateau 
conceived  the  idea  of  studying  the  effect  of  surface  tension  by 
withdrawing  wire  frames  from  a  soap  solution,  and  these 
were  then  found  to  be  covered  with  the  most  beautiful  and  deli- 
cate films.  Fig.  155.     These  films,  which  consist  almost  entirely 


Fig.    155.  Plateau"s    soap    films. 

of  the  superficial  layer  of  the  liquid,  give  a  most  excellent  op- 
portunity for  studying  the  surface  tension  without  the  necessity 
of  considering  the  main  body  of  the  liquid.  Figures  of  marvel- 
ous beauty  and  symmetry  are  obtained  by  the  firms  connecting 
the  edges  of  these  frames,  the  tendency  of  these  films  to  contract 
reducing  their  area  to  the  minimum  surface.  However  com- 
pliea.ted  the  figure  may  be,  it  is  interesting  to  observe  that,  in 
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each  case  where  these  films  intersect,  it  is  impossible  for  more 
than  three  films  to  meet  in  a  line,  or  for  more  than  four  lines, 
that  is,  six  films,  to  meet  at  a  point,  but  in  all  cases  the  angles 
formed  by  the  intersecting  films  and  lines  are  absolutely  equal. 
If  a  film  breaks,  so  that  for  a  moment  this  number  is  exceeded  or 
the  remaining  angles  are  unequal,  the  condition  is  unstable, 
and  a  shifting  occurs  until  the  former  relation  again  prevails. 


CHAPTER  XIV. 

VORTICES  AND  DIFFUSION. 

207.  The  Rctational  Motion  of  Fluids— Vortices.  A  vor- 
tex consists  of  particles  of  a  fluid  in  rotation  immersed  in  a 
fluid  that  does  not  rotate. 

The  higher  mathematical  analysis  leads  to  many  remarkable 
facts  connected  with  the  rotational  movement  of  fluids,  the  re- 
sults of  which  only  can  be  presented  here. 

1.  A  vortex  in  a  perfect  fluid  always  consists  of  the  same 
fluid  particles  wherever  in  that  fluid  the  vortex  may  move. 

2.  The  strength  of  a  vortex  is  the  product  of  the  cross-sectiojii 
of  the  vortex  and  its  rotational,  or  angular,  velocity,  and  is  a 
constant  quantity  for  that  vortex.  As  the  cross-section  of  the 
vortex  diminishes,  the  rotation,  accordingly,  increases  in  the 
same  proportion.  A  vortex,  therefore,  can  never  end  within 
a  finite  fluid,  but  must  either  terminate  at  each  end  in  the 
surface  of  the  fluid,  or  be  bent  into  the  form  of  a  ring,  the  tAvo 
ends  being  brought  together.  Hence  vortices  are  either  linear 
or  ring-shaped,  and  may  be  knotted  or  twisted  in  any  manner 
whatever. 

3.  "While  the  medium  surrounding  the  vortex  does  not  rotate, 
it  nevertheless  transmits  the  motion  from  one  vortex  to  another. 
Therefore, 

4.  A  single  linear  vortex  remains  stationary. 

5.  Two  rectilinear  vortices  will  revolve  about  their  common 
center  of  mass. 
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6.  A  ring-shaped  vortex  moves  forward  along  the  axis  of 
the  ring  in  the  direction  in  which  the  particles  of  the  fluid  on 
the  inner  surface  of  the  ring  are  moving,  Fig.  156. 

7.  The  fluid  enclosed  by  the 
ring,  altliough  not  rotating, 
moves  forward  in  the  direction 
in  which  the  ring  is  moving, 
and  with  a  velocity  greater  than 
the  ring. 

8.  If  a  vortex  ring  strikes 
an  immovable  wall,  the  diam- 
eter of  the  ring  increases,  the  ro- 

FiG.  156.  A  vortex  ring.  tatioiial   Velocity   decreases,  and 

the  ring  spreads  out,  as  it  were, 
against  the  wall.  This  is  also  true  of  each  vortex  when  two  vor- 
tices meet,  moving  along  the  same  axis  in  opposite  directions. 

9.  AVhen  two  vortices  of  the  same  or  nearly  the  same,  strength 
move  along  the  same  axis  in  the  same  direction,  one  a  little 
behind  tlie  other,  the  one  in  advance  widens  out  and  moves  more 
slowly,  and  the  one  in  the  rear  contracts  and  moves  more  rapidly 
and  passes  through  the  first.  The  second,  now  being  in  advance, 
widens  out  and  moves  more  slowly,  while  the  first,  which  is 
now  in  the  rear,  contracts  and  moves  more  rapidly,  and  so 
passes  through  the  second.  The  one  in  the  rear,  therefore,  al- 
ways overtakes  the  one  in  advance  and  passes  through  it,  and 
in  a  perfect  fluid  this  play  would  be  maintained  indefinitely. 

10.  Since  a  vortex  in  a  perfect  fluid  always  consists  of  the 
same  fluid  particles,  it  follows  that  in  such  a  fluid  a  vortex  can 
never  be  destroyed,  and  for  the  same  reason  an  act  of  creation 
is  required  to  form  a  v^ortex.  If  a  vortex  in  a  perfect  fluid 
exists,  it  has,  therefore,  always  existed,  and  is  indestructible. 

208.  The  Vortex  Atom.  The  results  here  set  forth  were 
discovered  mathematically  by  Helmholtz  in  the  year  1858.  It 
remained,  however,  for  Sir  William  Thomson,  the  late  Lord 
Kelvin,  to  recognize  the  fact  that  a  vortex  resembles  matter,  in 
that  it  can  neitber  be  created  nor  destroyed,  and  upon  this  hy- 
pothesis  was   founded    the   theory   of  the   vortex   atom.     This 
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theory  assumed  that  an  atom  of  matter  consists  of  vortex  rings 
in  the  ether,  and  that  one  kind  of  matter  differs  from  another 
because  the  vortex  ring  in  one  is  knotted,  or  twisted,  or  looped 
with  another  vortex  ring,  like  the  links  of  a  chain,  while  the 
vortex  ring  in  another  kind  of  matter  is  knotted  or  twisted 
differently,  or  is  linked  with  a  second  vortex  ring  in  some  other 
way.  There  is,  however,  no  experimental  evidence  in  support 
of  this  theory  of  matter,  and  the  hypothesis  of  the  vortex  atom 
has  now  given  place  to  the  theory  that  the  atom  must  be  elec- 
trical in  its  structure,  possibly  not  unlike  the  one  conceived  by 
J.  J.  Thomson,  to  be  described  later. 

209.  Diffusion.  If  the  lower  part  of  a  tall  jar  is  filled  with 
a  heavy  gas  such  as  carbonic  acid,  and  the  upper  part  w'ith  a 
lighter  gas  such  as  hydrogen,  it  will  soon  be  found  that  the  two 
gases  have  not  remained  separated  by  their  specific  gravities, 
but  have  mingled  completely,  and  that  every  part  of  the  jar 
contains  just  as  mueli  of  each  gas  as  every  other  part. 

If  a  solution  of  a  heavy  salt  is  poured  through  a  tube  down  to 
the  bottom  of  a  vessel  containing  water,  the  greater  density  of 
the  ^alt  would  always  tend  to  keep  it  below,  and  the  lighter 
water  above.  After  a  short  time  it  will  be  found,  however,  that 
the  particles  of  the  heavy  liquid  have  wandered  into  the  upper 
part  of  the  vessel,  while  the  particles  of  the  lighter  water  have 
descended  and  mingled  with  the  heavier  solution,  and  that  ulti- 
mately the  mixture  Avill  be  uniform  throughout.  This  tend- 
-ency  of  gases  thus  to  mingle,  as  well  as  the  similar  tendency  of 
liquids  likewise  to  mingle,  is  called  diffusion,  and  is  due  to  the 
fact  that  the  particles  of  liquids  as  well  as  gases  are  in  a  state 
of  continuous  and  irregular  motion  (p.  3). 

210.  Osmosis.  The  process  of  diffusion  takes  place  in  the 
manner  described  when  nothing  separates  the  two  gases  or  liq- 
uids. If,  however,  a  porous  membrane  or  partition  is  placed 
between  two  gases,  it  will  in  general  be  found  that  the  pores 
of  the  partition  will  permit  one  of  the  gases  to  pass  more  freely 
than  the  otlier,  and  the  gases  Avill  still  diffuse  as  before,  though 
more  slowly.  If  unglazed  earthenware  is  used  as  such  a  porous 
partition,  liydrogen,  for  instance,  will  pass  through  the  pores 
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more  readily  than  air.  In  the  same  way  the  pores  of  a  mem- 
brane, separating  two  liquids  which  would  otherwise  diffuse, 
will  in  general  permit  one  liquid  to  pass  more  freely  than  the 
other.  A  membrane  such  as  a  piece  of  parchment  paper,  which 
permits  the  ready  passage  of  water  through  its  pores  but  pre- 
vents the  passage  of  a  dissolved  substance,  is  called  a  semi-per- 
meable membrane.  When  diffusion  takes  place  through  a  mem- 
brane, the  process  is  known  as  osmosis. 

If  a  solution  of  sugar  is  placed  in  a  vessel  having  a  parchment 
bottom,  and  thia  vessel  is  placed  in  another  containing  pure 
water,  the  two  liquids  will  tend  to  mingle  through  the  membrane 
by  osmosis.  However,  as  the  pores  of- the  membrane  separating 
them  will  allow  molecules  of  water  to  pass  but  not  molecules  of 
sugar,  water  will  continually  pass  from  the  outer  vessel  through 
the  membrane  into  the  sugar  solution  within.  If  the  inner 
vessel  is  provided  with  a  long  vertical  tube,  the  water,  as  it 
streams  through  the  ^nembrane,  will  cause  the  diluted  sugar 
solution  to  rise  in  the  tube,  thereby  exerting  a  hydrostatic  coun- 
ter-pressure which  opposes  the  incoming  water,  and  ultimately 
prevents  its  further  passage. 

211.  The  Osriotic  Pressure.  This  hydrostatic  pressure 
which  is  known  as  the  osmotic  pressure,  and  which  is  the  pres- 
surs  that  finally  prevents  the  futJier  flow  of  water  through  the 
membrane,  may  be  taken  as  a  measure  of  the  ability  of  the  two 
liquids  to  mingle.  In  many  liquids  the  osmotic  pressure  is 
very  great  indeed,  and  may  amount,  as  in  the  case  of  the  sugar 
solution  just  mentioned,  to  many  hundred  atmospheres. 

AA'hile  the  csmotic  pressure  differs  greatly  for  solutions  of 
different  substances,  the  curious  and  interesting  fact  remains 
that  the  amount  of  this  pressure  depends  only  upon  the  number 
of  separate  particles  of  the  dissolved  substance  present,  and  not 
at  all  upon  their  kind  or  nature.  Two  different  solutions,  there- 
fore, will  give  rise  to  the  same  osmotic  pressure,  provided  the 
number  of  separate  particles  of  dissolved  substance  in  each  is  the 
same.  In  all  cases,  moreover,  the  substance  exerts  an  osmotic 
pressure  in  solution  equal  to  the  gaseous  pressure  which  it  would 
exert,  if  the  same  amount  of  substance  were  volatilized  and  so  be- 
came a  gas,  and  this  gas  were  compressed  into  a  volume  equal  to 
the  volume  of  the  solution. 


HEAT. 

CHAPTER  XV. 

EXPANSION. 

212.  Heat  a  Form  of  Energy.  Until  the  closing  years  of  the 
eighteenth  century,  heat  was  thought  to  be  an  invisible,  weightless 
substance,  called  caloric,  which  was  concealed  in  all  bodies,  and 
which,  when  set  free,  or  released,  produced  a  rise  of  temperature. 
Fallacies  in  this  theory  were  soon  discovered ;  for  it  was  noticed 
that  if  this  theory  were  true  all  bodies  must  contain  practically 
an  unlimited  supply  of  heat,  because  when  a  small  object,  like  a 
button,  was  rubbed  upon  a  rough  surface,  an  apparently  inex- 
haustible quantity  of  heat  could  be  developed. 

It  was  not  until  the  year  1798,  however,  that  the  true  theory 
regarding  the  nature  of  heat  was  firmly  and  fully  established. 
In  that  year.  Count  Rumford,  in  the  city  of  Munich,  as  he  was 
engaged  in  boring  out  brass  cannon,  observed  that  the  metal  of 
the  cannon,  the  brass  chips  torn  away,  and  also  the  boring-tool, 
became  heated.  Inasmuch  as  this  process  was  carried  on  in  a 
room  of  ordinary  temperature,  there  was  no  source  from  which 
heat  could  have  been  derived  other  than  something  connected 
wdth  the  boring  itself.  Indeed,  when  the  cannon  was  placed  in 
an  oak  box  filled  with  18.7  lbs.  of  water  at  60°  F.,  and  after  the 
boring  had  continued  for  two  and  a  half  hours,  the  temperature 
of  the  water  was  raised  to  the  boiling  point.  Count  Rumford 
concluded  that  this  enormous  quantity  of  heat  could  have  been 
produced  only  by  the  work  done  in  tearing  apart  the  particles 
of  brass.  IMoreover,  he  then  saw  clearly  that  heat  is  developed 
when  mechanical  energy  is  expended,  and,  therefore,  that  heat 
must  be  a  form  of  energy. 

A  few  years  later,  Sir  flumphrey  Davy  performed  a  similar 
experiment  whereby  heat  was  developed  as  a  result  of  mechan- 
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ical  energy  expended.  He  arranged  a  mechanism  so  that  two 
pieces  of  ice  could  be  rubbed  together  under  the  receiver  of  an 
air  pump,  the  experiment  being  performed  in  a  room  at  a 
temperature  below  the  freezing  point  of  water.  As  a  result  of 
the  work  thus  done,  the  ice  was  partly  melted ;  and  as  the  melt- 
ing of  ice  requires  the  application  of  a  large  quantity  of  exter- 
nal heat,  it  was  seen  that  the  heat  thus  produced  could  not  in 
any  way  have  been  obtained  from  the  ice  itself.  Hence  it  was 
proved  that  the  energy  expended  in  overcoming  the  friction  of 
one  piece  of  ice  upon  another  was  transformed  into  heat. 

These  two  experiments  illustrate  beautifully  the  theor}^  re- 
garding the  nature  of  heat  which  is  held  at  the  present  time. 
This  theory  regards  heat  simply  as  one  of  the  many  forms  of 
energy,  and,  indeed,  it  is  the  form  that  always  appears  when  - 
mechanical  energy  is  expended  in  overcoming  friction.  It  was 
not  until  the  year  1842,  however,  that  Maj^er,  who  first  an- 
nounced the  doctrine  of  the  conservation  of  energy,  foresaw  that 
the  energy  consumed  as  heat  must  be  considered  when  the  at- 
tempt is  made  to  show  that  the  total  energy  in  any  closed  system 
remains  constant.  Mayer  found  that  water  could  be  raised  in 
temperature  by  shaking,  and  tlius  in  a  measure  lie  anticipated  the 
classic  experiments  of  Joule,  to  be  described  later.  IMoreover, 
the  action  of  the  steam  engine  illustrates  the  fact  tliat  the  en- 
ergy represented  by  the  heat  of  combustion  of  the  coal  may  be 
transformed  into  mechanical  work.  Inasmuch,  therefore,  as  me- 
chanical energy  may  be  transformed  into  heat,  and  heat  again 
transformed  into  mechanical  energy,  it  is  proved  beyond  a  doubt 
that  heat  is  simply  a  form  of  energy. 

213.  Heat  is  the  Kinetic  Energy  of  the  Molecules.  This  fact 
being  established  beyond  question,  it  is  interesting  to  investigate 
the  nature  of  the  energy  which  heat  represents.  Everything 
points  to  the  fact  that  the  molecules  of  a  body,  are  not  at  rest,  but 
are  in  continual  motion  (p.  3),  and  hence  these  moving  particles 
possess  kinetic  energy  (p.  120).  The  motion  of  these  particles 
must  not  be  considered  as  regular  and  orderly,  but  as  extremely 
irregular  and  heterogeneous;  and  as  a  result  of  this  confusion 
the  particles  continually  strike  against  one  another  and  rebound,. 
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onl}'^  to  strike  against  still  other  particles.  It  is  thought,  also, 
that  the  parts  of  the  molecules  themselves  may  have  a  motion  of 
vibration  or  rotation  about  their  centers  of  gravity. 

Not  only  are  the  molecules  in  this  state  of  continuous  and 
irregular  motion,  but  it  is  now  believed  that  the  electrons  which 
have  been  disengaged  from  their  parent  atoms  (p.  11),  and 
which  are  thought  to  move  freely  with  their  enormous  velocities 
among  the  molecules  of  matter,  play  no  unimportant  part  in 
these  molecular  bombardments.  Though  of  exceedingly  small 
mass,  these  electrons  have  velocities  so  great  that,  on  the  average- 
their  kinetic  energy  is  nevertheless  the  same  as  that  of  the  mole- 
cules. The  molecules  and  the  electrons  must  then  be  regarded 
as  being  in  thermal  equilibrium,  that  is,  they  are  continually 
colliding  with  one  another,  and,  in  general,  at  each  encounter 
transmitting  energy  from  one  to  the  other,  the  one  having  the 
larger  amount  transferring  a  portion  of  its  store  to  the  one  hav- 
ing less. 

Unless  a  change  of  state  takes  place  in  the  body,  the  addition 
of  heat  increases  the  kinetic  energy  both  of  the  molecules  and 
of  the  electrons,  and  the  temperature  of  the  body  rises.  Indeed, 
when  energy  of  anj^  form  is  added  to  the  body  whereby  its  tem- 
peratures is  raised,  the  kinetic  energy  of  the  particles  is  increased. 
For  this  reason  a  blacksmith  by  hammering  may  heat  a  nail 
red-hot,  the  energy  represented  by  the  blows  of  his  hammer 
being  expended  in  causing  the  molecules  and  the  electrons  of 
the  nail  to  vibrate  faster.  AVhen  friction  is  developed  hy  two 
bodies  rubbing  over  each  other,  the  work  done  in  breaking  down 
the  little  irregularities  between  the  two  surfaces  is  transformed 
into  an  increased  kinetic  energy  of  the  particles  of  the  bodies, 
and  the  heat  thus  produced  is  a  measure  of  the  work  done 
against  friction.  If  a  gas  is  compressed,  the  work  done  may 
develop  so  much  heat  that  an  easily  inflammable  substance, 
such  as  tinder,  may  be  kindled,  as  in  the  fire-syringe.  "When 
the, flint  and  steel  are  used  to  "strike  fire",  the  work  done  by 
the  flint  in  tearing  away  little  particles  of  the  steel  is  so 
great  that  these  particles  are  heated  to  a  temperature  at  whicTi 
they  take  fire  and  burn  in  the  air. 
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Certain  tribes  of  Indians  are  known  to  kindle  a  fire  by  the 
energy  expended  in  rubbing  together  two  pieces  of  wood.  In 
fact,  the  conversion  of  mechanical  energy  into  heat  by  this 
means  may  easily  be  effected  by  any  one  with  the  aid  of  the 
simple  device  know^n  as  the  ''fire-drill,"  the  experiment  fur- 
nishing one  of  the  most  beautiful  and  striking  illustrations  of 
the  modern  theory  of  heat.  By  means  of  a  bow  and  a  leathern 
thong,  a  tapering  stick  is  rapidly  rotated  in  a  slight  pit,  or 
depression,  in  a  board,  the  upper  end  of  the  stick  being  held 
in  place  by  a  cup-shaped  cavity  in  an  iron  block.  The  wood, 
which  is  intensely  heated  and  ground  to  a  powder  by  the  fric- 
tion, collects  in  a  notch  extending  from  the  edge  of  the  board 
to  the  center  of  the  pit,  and  may  soon  be  fanned  into  a  glowing 
coal. 

If  the  quantity  of  water  is  placed  in  a  tube  which  may  be 
rotated  rapidly,  and  if  pieces  of  cork  are  held  against  the  sides 
of  the  tube  to  produce  friction,  the  work  expended  in  overcom- 
ing the  friction  will  be  transformed  into  heat,  and  this  will 
raise  the  temperature  of  the  water  to  the  boiling  point.  If  an 
electric  current  is  sent  through  a  wire,  the  electrons  in  the 
metal  are  acted  upon  by  a  directing  force  which  compels  a  ma- 
jority of  their  number  to  move  in  a  single  direction.  The 
energy  which  is  thus  expended  in  producing  this  directed  mo- 
tion reappears  in  the  increased  energy  of  the  electrons,  and 
therefore  in  the  increased  energy  of  the  molecules  when  the 
electrons  collide  with  them.  A  portion  of  the  energy  of  the 
current  is  thus  transformed  into  increased  kinetic  energy  of 
the  electrons  and  the  molecules,  and  the  temperature  of  the 
wire  is  raised. 

These  and  many  other  experiments  illustrate  the  great  truth 
that  heat  is  produced  as  a  result  of  work  performed,  from  which 
the  inevitable  conclusion  is  drawn  that  heat  must  be  one  of  the 
forms  in  which  energy  appears.  It  is  therefore  not  only  a 
well-established  fact  that  heat  is  a  form  of  energy,  but  it  is 
now  believed  that  the  heat  of  a  body  is  the  kinetic  energy  of 
its  ultimate  particles,  that  is.  of  its  electrons  and  its  molecules, 
and  that  the  temperature  of  the  body  is  simply  a  measure  of 
this  kinetic  energy. 
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Whatever  the  effects  of  heat  upon  a  body  may  be,  they  are 
simply  such  as  would  follow  from  the  addition  of  energy  to  the 
body.  Among  these  effects  may  be  mentioned  the  elevation  of 
temperature,  expansion,  change  of  state,  chemical  action,  the 
production  of  an  electric  current,  etc.  Each  of  these  effects 
will  be  studied  in  detail  later. 

214.  Temperature.  As  we  have  seen  above,  the  temperature 
of  a  body  is  the  measure  of  the  kinetic  energy  of  the  molecules 
and  electrons.  Accordingly,  if  two  bodies  are  brought  together, 
the  temperature  of  one  being  higher  than  that  of  tlie  other,  the 
molecules  and  electrons  of  the  one  at  higher  temperature  will 
communicate  a  portion  of  their  motion,  and  therefore  a  portion 
of  their  energy,  to  the  molecules  and  electrons  of  the  other,  and 
the  temperature  of  the  first  will  fall,  while  that  of  the  second 
will  rise.  Kinetic  energy  has  thus  been  transferred  from  the 
first  body  to  the  second,  and  heat  has  therefore  flowed  in  the 
same  direction  between  these  two  bodies.  Temperature,  ac- 
cordiugly,  may  be  defined  as  the  condition  of  a  body  that  de- 
termines a  flow  of  heat ;  and  the  jdifference  of  temperature  be- 
tween two  bodies  is  the  difference  in  the  kinetic  energies  of 
their  ultimate  particles,  due  to  which  heat  will  flow  from  the 
bodj^  at  higher  temperature  toward  the  one  at  lower  temper- 
ature. 

215.  The  Thermometer.  Because  it  is  the  tendency  of  nearly 
all  bodies  to  expand  when  heated,  the  amount  of  expansion  may 
be  taken  as  a  measure  of  the  temperature  to  which  a  body  is 
raised.  Any  device  thus  for  measuring  temperature  is  known 
as  a  thermometer.  The  expansion  of  a  liquid  is  in  general 
much  greater  than  that  of  a  solid  for  the  same  rise  of  temper- 
ature, hence  a  liquid  is  commonly  used  as  the  thermometric  sub- 
stance. Owing  to  the  fact  that  mercury  has  a  very  uniform 
expansion,  a  comparatively  high  boiling  point,  and  a  low  freez- 
ing point,  this  is  tlie  material  tliat  is  ordinarily  employed  in 
the  manufacture  of  tlicrmometers. 

In  the  construction  of  thermometers  a  glass  bulb,  provided 
with  a  long,  fine,  uniform  tube,  is  filled  with  mercury,  the  whole 
is  then  heated  until  the  mercury  overflows  at  the  top,  and  in 
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this  condition  the  tube  is  sealed  by  melting  the  glass.  As  the 
mercury  contracts  upon  cooling,  a  nearly  perfect  vacuum  is  left 
above  the  remaining  column  in  the  tube,  and  the  rising  and 
falling  of  this  column,  as  the  mercury  within  the  bulb  expands 
and  contracts,  may  now  be  read  from  graduations  placed  upon 
the  stem. 

After  the  process  of  filling  is  complete,  an  interval  of  time, 
amounting  often  to  years,  must  elapse  before  the  graduations 
may  be  made,  in  order  that  certain  molecular  changes  which 
occur  in  the  freshly-blown  bulb  may  be  eliminated.  Even  after 
cooling,  the  glass  resembles  an  extremely  viscous  fluid,  and  the 
molecules  do  not  at  once  assume  their  final  positions  with  ref- 
erence to  one  another,  so  that  for  many  years  a  slow  contrac- 
tion in  the  volume  of  the  bulb  takes  place.  Accordingly,  the 
mercury  gradually  rises  in  the  stem,  as  this  contraction  con- 
tinues; and  it  is  not  until  the  thermometer  has  been  thoroughly 
aged,  by  lying  until  this  molecular  change  in  the  bulb  prac- 
tically ceases,  that  the  instrument  is  ready  for  graduation. 

216.  The  Fixed  Points  on  the  Thermometer.  For  a  given 
change  of  temperature,  the  actual  rise  or  fall  of  the  mercury  in 
the  stem  depends  upon  the  volume  of  the  bulb  and  the  size  of 
the  capillary  tube.  As  these  dimensions  are  different  in  differ- 
ent instruments,  and  in  order  to  have  an  observed  movement 
of  the  mercury  column  correspond  to  an  exact  interval  of 
temperature,  it  is  necessarj^  to  determine  individually  for  each 
thermometer  the  so-called  fixed  points,  that  is,  the  heights  to 
which  the  mercury  rises  when  the  instrument  is  brought  to  two 
perfectly  definite  and  constant  temperatures. 

It  chances  fortunately,  that  there  are  two  temperatures,  not 
only  easily  accessible,  but  also  constant,  under  normal  condi- 
tions, in  all  places  and  at  all  times.  These  temperatures  are 
those  at  which  ice  melts  in  the  air,  and  at  which  water  boils 
under  a  barometric  pressure  of  76  centimeters.  "With  these 
constant  temperatures  thus  available,  the  fixed  points  on  the 
barometer  may  now  be  located.  The  instrument  is  first  im- 
bedded in  melting  ice,  and  the  point  to  which  the  mercury  column 
falls  is  marked  upon  the  stem.     It  is  then  placed  in  a  bath  of 
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steam  produced  from  water  boiling  iiiider  normal  pressure,  and 
the  point  to  which  the  mercury  thread  then  rises  is  likewise 
marked  upon  the  stem.  The  distance  between  these  two  points 
corresponds  to  a  perfectly  definite  range  of  temperature,  and 
this  interval  may  now  be  divided  into  any  number  of  equal 
parts,   called  degrees. 

217.  The  Thermometric  Scales.  There  are  in  use  tAvo  main 
systems  of  thermometer  graduation,  the  Fahrenheit,  F,,  and  the 
Celsius,  or  centigrade  C.  On  the  Fahrenheit  scale,  Fig.  157, 
the  melting  point  of  ice  is  marked  32,  the  boiling 
point  of  water  212,  and  the  interval  between  these 
two  temperatures  is  divided  into  180  degrees. 
The  zero  of  this  scale  is  thus  32  degrees  below  the 
melting  point  of  ice.  On  the  Celsius,  or  centi- 
grade, scale,  the  melting  point  of  ice  is  marked  0 
and  the  boiling  point  of  water  100,  the  interval 
between  these  points  being  divided  into  100  equal 
parts,  or  degrees.  Since  the  centigrade  system  of 
graduation  is  strictly  decimal,  it  is  by  far  the 
more  convenient,  and  is  used  in  all  scientific  work. 

It  is  to  be  observed  that  180°  F.  equal  100°  C, 
or  9°  F.  equal  5°  C,  and  that  the  zero  of  the 
Fahrenheit  scale  is  32  Fahrenheit  degrees  below 
the  melting  point  of  ice.  The  following  relations 
therefore  serve  to  transform  temperatures  from 
one  scale  to  the  other : 


F?o.  iTiT.  Tlio 
thermometric 
scales. 


yo    _    y    QO    _^    3.2_ 


-  (F.°  -  .32.) 
0 


218.  The  Expansion  of  the  Bulb.  When  heat  is  suddenly 
applied  to  a  thermometer,  the  bulb  expands  almost  exactly  as 
if  it  were  a  solid  ball  of  glass,  and  this  occurs  before  the  heat 
has  had  time  to  pass  to  the  mercury  Avithin.  Since  the  bulb 
noAv  occupies  a  larger  volume,  while  the  volume  of  the  mercury 
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remains  for  a  short  time  unchanged,  the  mercury  must  fall  in 
the  stem  iu  order  that  the  bulb  may  remain  filled.  The  first 
effect,  therefore,  of  suddenly  applying  heat  to  a  thermometer 
is  to  cause  the  mercury  to  fall ;  and  it  is  not  until  the  heat  has- 
had  time  to  pass  through  the  glass  and  into  the  mercury  that 
the  latter  begins  to  expand.  The  mercury  now  expands  more 
rapidly  than  the  glass  and  so  rises  in  the  tube,  the  apparent  ex- 
pansion thus  indicated  being  the  difference  between  the  real  ex- 
pansion of  the  mercury  and  the  expansion  of  the  glass. 

219.  The  Air  Thermometer.  The  attempt  has  been  made  to 
use  a  gas  instead  of  a  liquid  as  the  thermometric  substance,  be- 
cause the  exparision  of  a  gas  is  much  greater  than  that  of  a 
liquid  for  the  same  rise  of  temperature,  and  also  because  this 
expansion  is  perfectly  uniform.  But  as  the  volume  of  a  gas 
varies  with  every  change  of  pressure,  an  air  thermometer  can- 
not be  used  without  inconvenient  and  difficult  barometric  cor- 
rections. When  these  corrections  are  made,  however,  a  gas 
proves  to  be  the  most  reliable  substance  that  can  be  used. 

2201  The  Absolute  Zero  and  the  Absolute  Scale  of  Temper- 
ature. When  a  quantity  of  gas  is  heated  or  cooled  while  the 
pressure  to  which  it  is  subjected  remains  constant,  experiment 

shows  that  the  gas  will  expand   -^-    of  its  volume  at  0°  C.  for 

each  degree  C.  it  is  heated,  and  will  contract   ^r~    of  its  vol- 

273 

ume  at  0°  C.  for  each  degree  C.  it  is  cooled.  If,  therefore,  a 
mass  of  gas  were  cooled  273°  below  0°  C,  the  gas  would  con- 
tract to  zero  volume,  provided  the  same  law  held  true  to  this 
point.  This  we  may  assume  to  be  the  case  with  a  perfect  gas, 
although  any  known  gas  would  change  its  state  before  this 
temperature  were  reached.  The  more  rarefied  a  gas  may  be, 
however,  the  more  nearly  does  it  approach'  the  behavior  of  a 
perfect  gas  in  this  respect. 

An  interpretation  of  this  point  may  be  obtained  by  recalling 
the  fact  that  temperature  is  a  measure  of  the  kinetic  energy  of 
the  molecules   (p.  232).     If  a  mass  of  gas  atO°   C.  is  cooled 
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1°  C,  there  is  subtracted  from  it  — —  of  the  kinetic  energy  of 
the  molecules  of  the  gas  at  0°  C.    Indeed,  for  each  degree  it  is 

cooled  there  is  withdrawn of  the  kinetic  energy  of  the  gas 

273 

at  0°  C.     Hence,  if  the  mass  of  gas  were  cooled  273  degrees, 

there  would  be  withdrawn    of  the  kinetic  energy  of  the 

273 

molecules  of  the  gas  at  0°  C,  and  at  this  point  the  molecules 
would  have  no  energy  and  the  gas  no  volume.  Therefore,  the 
point  — 273°  C,  is  the  point  of  absolute  rest  of  the  molecules^ 
and  is  called  the  absolute  zero.  Temperatures  on  the  centigrade 
scale,  when  measured  from  this  point  as  zero,  are  called  tem- 
peratures on  the  absolute  scale,  or  absolute  temperatures.  If 
t  denotes  ordinary  temperatures  on  the  centigrade  scale,  and 
T  denotes  absolute  temperatures,  then 

T  —  t  +273. 

221.  The  Law  of  Charles.  The  truth  contained  in  the  last 
paragraph,  that  is,  the  law  expressing  the  fact  that  at  constant 

pressure  a  mass  of  gas  expands  or  contracts   -^^    of  its  volume 

at  0°  C.  for  each  degree  C.  it  is  heated  or  cooled,  is  known  as  the 
law  of  Charles,  or,  sometimes,  the  law  of  Gay-Lussac.  The  law 
of  Charles  is  commonly  stated  in  the  following  words :  The 
pressure  remaining  constant,  the  volume  of  a  mass  of  gas  is  di- 
rectly proportional  to  its  absolute  temperature. 

If,  however,  a  mass  of  gas  is  enclosed  within  rigid  walls  so 
that  it  can  neither  expand  nor  contract  when  heat  is  added  or 
withdrawn,  its  volume  remains  constant  throughout,  but  its 
pressure  will  vary  as  the  temperature  is  changed.  This  may 
readily  be  seen  by  investigating  the  nature  of  the  pressure  of 
a  gas. 

From  the  modern  tlieory  of  heat,  which  assumes  tliat  the 
molecules  of  a  gas  are  in  a  state  of  rapid  but  irregular  vibra- 
tion, it  is  obvious  that  tliese  particles  must  not  only  encounter 
frequent  collisions  with  one  another,  but  must  likewise  impinge 
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upon  the  walls  of  the  containing  vessel,  thereby  striking  a  blow. 
The  walls  of  a  vessel  in  which  a  quantity  of  gas  is  enclosed  are 
therefore  considered  as  undergoing  a  continuous  bombardment 
from  these  gaseous  particles  as  they  strike  against  it;  and  the 
pressure  of  an  enclosed  gas  upon  the  walls  of  the  containing 
vessel  must  be  regarded  as  produced  by  the  added  impacts,  or 
blows,  delivered  upon  the  walls  by  these  particles.  Accord- 
ingly, when  the  volume  remains  constant,  the  pressure  of  a  gas 
must  be  directly  proportional  to  the  energy  of  its  vibrating 
particles,  and  therefore  directly  proportional  to  the  absolute 
temperature.  From  this  point  of  view,  a  second  form  of  the 
law  of  Charles  may  be  expressed  as  follows:  The  volume  re- 
maining constant,  the  pressure  of  a  gas  is  directly  proportional 
to  its  absolute  temperature. 

From  the  above  reasoning  we  see  that  if  the  volume  T  of  a 
mass  of  gas  changes  to  the  volume  F'  while  the  absolute  temper- 
ature T  changes  to  the  absolute  temperature  T\  the  pressure 
remaining  constant,  the  first  statement  of  Charles's  law  may 
be  expressed  more  simply  by  the  proportion, 

V  :  V^  =  T  :  T'  (the  pressure  remaining  constant). 

But  if  the  pressure  P  of  a  mass  of  gas  changes  to  the  pressure 
P'  while  the  absolute  temperature  T  changes  to  the  absolute  tem- 
perature T^,  the  volume  remaining  constant,  the  second  form  of 
Charles's  law  may  be  written 

P  :  P'  =  T   :  T^  (the  volume  remaining  constant). 

222.  Combination  of  Boyle's  Law  and  Charles's  Law.  By 
Boyle's  law  we  have  seen  (p.  194)  that,  the  temperature  remain- 
ing constant,  the  volume  of  a  mass  of  gas  is  inversely  propor- 
tional to  the  pressure,  and  that  it  may  be  expressed  by  the  re- 
lation 


V:  V  =4 


1 


P      P 


t  » 


or 
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r  I*'  r. 

-—,  =  — —  (7' remaininji:  constant). 

By  Charles's  law  we  have  learned  that,  the  pressure  remaining 
constant,  the  volume  of  a  mass  of  gas  is  directly  proportional, 
to  the  absolute  temperature,  and  that  this  may  be  written 

y  ,  yr  —  T  :  r 


or 


V        T 

-—,  =  —/  ^^*  reniaininof  constant). 
y         1 

If,  now  the  volume  V  of  a  mass  of  gas  changes  to  a  new  vol- 
ume y,  while  at  the  same  time  tlie  pressure  P  and  the  absolute 
temperature  T  change  to  new  values  P'  and  T\  respectively, 
the  final  relation  between  volume,  pressure,  and  absolute  tem- 
perature of  the  gas  may  be  determined  by  conceiving  the  change 
of  volume  due  to  the  change  of  pressure,  and  also  the  change 
of  volume  due  to  the  change  of  absolute  temperature,  to  take 
place  independently  and  successively.  That  is,  Fig.  158,  the 
pressure  P  may  be  changed  to  its  final  value  P'  while  the  volume 
V  changes  by  Boyle's  laM^  to  some  intermediate  volume,  T^x,  the 
temperature  remaining  constant,  so  that 

\'.    ]s  =  —  :  — }  (Boyle's  law,   7"  remaining'  constant).       (l) 

The  absolute  temperature  is  then  changed  from  its  original 
value  T  to  its  final  value  T%  which  causes  the  volume  to  change 
by  Charles's  law  from  its  intermediate  value  V^,  to  its  final 
value  y,  the  pressure  P'  remaining  constant,  so  that 

V^  :  V  =:  T  :  T'  (Charles's  law.  P'  remaining  constant).  (2)' 

From  (1), 
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and  from  (2), 


—  =  — J  (Boyle's  law), 


-p  =  ~7  (Charles's  law). 


(3) 


(4) 


tJ 


1 


V  P 

T 


m/iMmui/& 


V>}}ll»l•»l>mll>l>l»l»l^:>:,:l^:l. 


JFig.    ]5S.   Boyle's   law   fihd   Chai'IeP's   law   operating  independently   and 
successively. 


Multiplying  (3)  and  (4)  member  for  member,  we  have 


from  which 


y  -  PT'\    rjrrj-\      ^  [^         j 


P  Y      P'  V' 


'  ^v'f^'  7^ 


T    -      T'     ' 

That  is,  for  a  given  mass  of  gas  the  value  of  the  expression 

P  V 
T 
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does  not  change  in  consequence  of  this  series  of  operations,  and 
therefore  remains  constant.  Letting  R  represent  this  constant, 
we  have 


T 
or 


^''   ji, 


PV  =  RT, 

from  which  it  follows  that  the  product  of  the  volume  and  the 
pressure  of  a  mass  of  gas  is  always  proportional  to  its  absolute 
temperature 

223.  Expansion  by  Heat.  The  temperature  of  a  body  has 
been  defined,  (p.  234),  as  the  measure  of  the  kinetic  energy 
of  its  molecules  and  electrons.  When,  therefore,  its  tempera- 
ture is  raised,  the  kinetic  energy  of  its  particles  is  increased, 
and  the  molecular  bombardments  and  collisions  take  place  more 
frequently  and  more  vigorously  than  at  a  lower  temperature. 
One  result  of  this  increased  molecular  and  electronic  energy  is 
the  crowding  apart  of  the  molecules;  and  therefore  when  its 
temperature  is  raised  the  body  as  a  whole  expands.  Indeed, 
the  effect  of  expansion  is  one  so  commonly  following  the  addi- 
tion of  heat  to  a  body  that  we  may  formulate  the  general  rule, 
to  which,  however,  there  are  numerous  exceptions,  that  a  rise 
of  temperature  causes  the  body  to  expand,  and  a  fall  of  tem- 
perature causes  it  to  contract.  IMore  briefly,  this  may  be  stated 
in  the  maxim  that  heat  expands  and  cold  contracts. 

224.  The  Force  Developed  by  Expansion.  The  force,  more- 
over, developed  by  bodies  in  expanding  and  contracting 
is  so  almost  irresistible  that  an  allowance  must  be  made 
for  this  effect  in  the  erection  of  large  buildings  and  in  the 
construction  of  long  steel  bridges.  For  the  same  reason 
spaces  are  left  between  the  ends  of  the  rails  on  a  railroad,  so 
that  when  expansion  occurs  the  rails  may  not  be  warped  out 
of  their  true  course.  Frequently  the  walls  of  a  building  are 
straightened  by  passing  a  long  iron  rod  from  one  side  to  the 
other,  then  heating  tliis  rod  and  screwing  it  up  tightly  by  nuts 
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on  the  outside.  The  force  of  contraction  manifested  In-  the  rod 
as  it  cools,  is  sufficient  to  draw  the  walls  back  again  into  their 
proper  position.  An  idea  of  this  enormous  molecular  force 
may  be  obtained  by  screwing  a  heated  iron  bar  in  a  heavy  metal 
frame,  one  end  of  the  bar  being  held  in  place  by  a  cast  iron 
rod.  As  the  bar  cools,  contraction  occurs,  and  the  force  with 
which  this  takes  place,  being  far  greater  than  the  strengtli  of 
the  iron  rod,  causes  the  latter  to  break. 

225.  Differences  in  Expansion.  Bodies  differ  greatly  in 
the  amounts  by  which  they  expand  or  contract  for  a  given 
change  of  temperature,  this  variation  in  length  being  greater, 
for  instance,  with  zinc  than  Avith  steel.  Accordingly,  if  a  strip 
of  zinc  and  one  of  steel  are  riveted  together  and  heated,  the 
zinc,  in  expanding  more  than  the  steel,  will  cause  the  whole  to 
bend  in  the  arc  of  a  circle,  the  zinc  being  upon  the  outside. 
If  the  compound  strip  is  cooled,  the  zinc  will  contract  more 
than  the  steel,  and  the  strip  will  bend  in  an  arc  of  opposite 
curvature  with,  the  zinc  upon  the  inside.  If,  now,  one  end  is 
held  fast,  the  other  will  move  through  a  considerable  range, 
depending  upon  the  degree  of  the  heating  or  cooling.  At  any 
desired  point  of  its  path,  it  may  be  made  to  close  or  open  an 
electric  circuit  controlling  a  radiator,  so  that  the  heat  of  a  room 
may  thus  be  automatically  regulated,  the  compound  strip  then 
forming  what  is  known  as  a  thermostat.  Upon  this  principle  is 
also  constructed  the  metallic  thermometer.  Here  strips  of  two 
different  metals  are  riveted  or  soldered  together,  the  whole 
then  coiled  into  a  spiral  form  with  one  end  rigidly  held.  A 
pointer  attached  to  the  other  end  may  be  made  to  move  over 
a  scale  which  has  been  graduated  by  comparison  with  a  mer- 
curial themometer,  and  temperatures  may  be  thus  indicated. 

226.  Molecular  Forces  may  Mask  Expansion.  In  many  of 
the  instances  where  an  apparent  exception  to  the  general  rule 
of  expansion  by  heat  occurs,  it  is  undoubtedly  true  that  other 
molecular  forces,  as,  for  instance,  the  forces  of  elasticity  and 
crystallization,  are  greatly  changed  by  a  rise  of  temperature, 
and  the  changes  that  take  place  in  these  forces  due  to  the  rise 
of  temperature  may  to  some  extent  mask  the  effect  of  expan- 
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sion.  It  is  probably  on  this  account  that  stretched  rubber  and 
certain  crystalline  bodies  actually  contract  as  the  temperature 
is  raised. 

227.  Coefficient  of  Linear  Expansion.  When  a  body  ex- 
pands with  a  rise  of  temperature,  and  we  have  to  consider  the 
resulting  increase  in  volume,  we  have  to  deal  with  what  is 
known  as  the  volumiiial,  or  cubical,  expansion  of  the  body.  If, 
liowever,  the  body  is  in  the  form  of  a  long,  thin  bar,  or  rod,  and 
this  is  heated,  the  expansion  of  the  bar  in  the  direction  of  its 
length  is  so  much  greater  than  that  in  the  direction  of  its 
breadth  or  its  thickness  that  the  latter  effects  may  be  neglected 
altogether,  and  we  have  only  to  take  account  of  its  linear  expan- 
sion. 

The  amount  of  the  linear  expansion  of  a  bar  is  found  to  be 
proportional  to  its  length,  to  the  rise  in  temperature,  and  to  a 
certain  constant,  called  the  coefficient  of  linear  expansion,  which 
depends  upon  the  nature  of  the  material  of  Avhich  the  bar  is  made. 
If  c  denotes  the  actual  increase  in  length  of  a  bar  Avhcn  its  tem- 
perature is  raised,  l„  the  length  of  this  bar  at  0'^  C.  t  the  tempera- 
ture on  the  centigrade  scale  to  which  the  bar  is  heated,  and  a  the 
coefficient  of  linear  exi)ansion,  it  follows  that 

6  =  lo  a.  t. 

If  the  bar  is  exactly  1  centimeter  long;  (Zo  =  l),  and  if  this 
bar  is  raised  in  temperature  1°  C,  (t  —  1),  then  the  coefficient 
of  linear  expansion  equals  the  actual  expansion  which  takes 
place  in  the  length  of  the  bar.    That  is,  under  these  conditions. 


T^e^  coefficient  of  linear  expansion  of  a  substance,  therefore,  is 
the  increase  in  the  length  of  a  bar  of  the  substance  1  centi- 
meter long  when  its  temperature  is  raised  from  0°  C.  to  1°  C. 
Accordingly,  the  length  of  a  bar  at  any  temperature  may  be 
calculated  if  its  length  at  0''  C,  the  temperature  to  which  it  is 
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raised,  and  its  coefficient  of  linear  expansion  are  known;  for 
the  length  It  of  a  bar  at  any  temperature  t,  is  equal  to  its 
length  at  0°  C,  plus  the  amount  it  has  expanded,  Fig.  159,  or 

-• lo **e* 


/* 

from   which  I''*^-   ^^^-     Linear  expansion. 

n    ^    to    -\-  to  0-  ty 


or 


l^  =  1  (1  +  at). 

The  quantity  within  the  parenthesis  is  known  as  the  factor  of 
expansion.  The  length  of  a  bar  at  any  temperature  may  there- 
fore be  determined  if  its  length  at  0°  C.  is  multiplied  by  the 
factor  of  expansion. 

228.  The  Coefficient  of  Cubical  Expansion.  The  coefficient 
of  cubical  expansion  of  a  substance  is  the  increase  in  the  volume 
of  1  cubic  centimeter  of  that  substance  when  heated  from  0° 
C.  to  1°  C.  Accordingly,  if  To  is  the  volume  of  the  substance 
at  0°  C,  and  Vt  is  its  volume  when  heated  to  t°,  /?  being  its  co- 
efficient of  cubical  expansion, 

or 

Vt  =  Vo  (1  +  Pt).  (1) 

An  interesting  relation  exists  between  the  coefficient  of  linear 
expansion  a,  and  that  of  cubical  expansion  p,  and  may  be  deter- 
mined in  the  following  manner:  Since  the  volume  of  a  cube  is 
the  length  of  one  side  of  that  cube  raised  to  the  third  power, 

To  =lo'.  (2) 
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At  any  other  temperature  t,  the  volume  Vt  may  be  expressed  by 

Ft  =  h'=lo'  {l  +  at)\ 
where  a  is  the  coefficient  of  linear  expansion.     Developing  the 
quantity  in  the  parenthesis, 

V,  =  Zo'   (1  +  3  a  f  +  3  a-  t--{-  a^  t') . 

But  as  a  is  an  exceedingly  small  quantity,  the  terms  containing 
a-  and  a^  may  be  neglected,  and  therefore 

Vt   =  V    (1   +   Sat). 

Substituting  the  value  of  lo^  from  equation  (2), 

Vt  =  Vo  {l  +  3at).  (3) 

By  comparing  equations  (1)  and  (3),  we  see  that 

/?  =  3  a. 

Therefore  the  coefficient  of  cubical  expansion  is  verj^  nearly  3 
times  the  coefficient  of  linear  expansion. 

229.  The  Anomalous  Expansion  of  Water.  Water  has  a 
most  remarkable  and  abnormal  expansion,  the  effects  of  which  are 
so  far-reaching  that  we  are  undoubtedly  indebted  to  this  pe- 
culiarity, in  part,  at  least,  for  the  mildness  of  the  climate  in  the 
temperate  zone.  A  mass  of  water  at  0°  C,  when  heated,  con- 
tracts in  volume  until  the  temperature  of  4°  C.  is  reached,  after 
which,  as  the  temperature  rises  further,  it  begins  to  expand,  and 
continues  to  expand  until  the  boiling  point  is  reached.  At  the 
temperature  of  8°  C,  the  water  has  attained  practically  the  same 
volume  it  had  at  0°  C.  This  is  shown  in  Fig.  160,  where  the 
vertical  distances  represent  the  changes  in  the  volume  of  a 
mass  of  water,  and  the  horizontal  distances  indicate  the  tem- 
peratures. At  4°  C.  a  mass  of  water  is  thus  seen  to  have  its 
smallest  volume,  and  therefore  its  greatest  density  (p.  77). 
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As  a  mass  of  water  in  a  river  or  lake  is  cooled  from  ordinary 
temperatures  down  to  0°  C,  it  contracts  and  becomes  denser 
until  the  temperature  of  4°  C.  is  reached,  at  which  point  it  at- 
tains its  maximum  density.  This 
denser,  colder  water,  there- 
fore, sinks  to  the  bottom,  and 
warmer,  lighter  water  takes  its 
place  at  the  surface.  This  in  its 
turn,  loses  some  of  its  heat  b}'- 
radiation  into  the  air.  and  so 
cools  and  sinks,  and  this  process 
continues  until  the  whole  mass 
of  water  in  the  entire  lake  is  at 
4°  C.  Then  as  the  surface  layers 
lose  still  more  heat  by  contact 
with  the  cold  air,  they  expand  and  become  lighter,  and  so  float 
upon  the  warmer,  denser  water  beneath.  The  water  at  the  sur- 
face continues  to  lose  heat  and  become  lighter,  while  the  lower 
layers  and  the  water  at  the  bottom  remain  at  4°  C,  until  the 
surface  falls  to  0°  C,  when  it  freezes.  The  warmer,  denser  water 
which  remains  at  the  loAver  levels,  is  able  to  cool,  and  therefore 
freeze,  only  as  heat  is  carried  away  from  it  by  conduction 
through  the  layer  of  ice  already  formed.  This,  however,  is  a 
slow  process ;  hence  the  ice  cannot  increase  rapidly  in  thickness, 
and  a  comparatively  thin  layer  forms  at  the  surface. 
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Tig.    160.     The   maximum  density   of 
water  occurs  at  4°   C. 


CHAPTER  XVI. 

THE   TRANSFERENCE   OF    HEAT. 

230.  Methods  of  Heat  Transference.  It  is  a  matter  of  coiu- 
mou  observation  that  heat  may  be  communicated  from  one  body 
to  another  of  lower  temperature,  or  transferred  from  one  part 
of  space  to  another.  The  methods  by  which  this  transference 
takes  place  are  three  in  number,  and  are  known  as  conduction, 
convection,  and  radiation. 

231.  Conduction.  Conduction  is  the  traveling-  of  heat  fi'om 
particle  to  particle,  and  its  transference  in  this  Avay  from  one 
portion  of  a  heated  body  to  another.  When  one  end  of  a  bar  of 
metal  is  heated,  tlie  molecules  at  this  point,  and,  it  is  believed 
also,  tlie  electrons  as  M'ell,  vibrate  with  increased  energy, 
and  the  temperature  of  the  heated  portion  rises.  As  these  par- 
ticles have  their  kinetic  energy  increased,  they  set  into  more 
rapid  vibration  the  molecules  and  the  electrons  adjacent  to  them, 
these,  in  turn,  impart  additional  energy  to  the  particles  be- 
yond them,  and  so  on,  until  even  distant  portions  of  the  bar 
attain  a  higher  temperature.  Heat  has  thus  travelled  along  the 
bar.  being  communicated  from  particle  to  particle  in  the  form  of 
increased  kinetic  energy  of  the  particles  throughout  the  length 
of  the  bar. 

Substances  differ  greatly  in  their  power  thus  of  conducting 
heat,  the  metals  being  better  conductors  than  other  substances. 
This  may  be  illustrated  by  wrapping  a  piece  of  writing  paper 
tiffhtly  around  a  compound  bar,  one  half  of  which  is  wood.  Avhile 
the  other  half  is  brass  or  copper.  If  the  whole  is  now  plunged 
into  the  flame  of  a  bunsen  burner,  the  paper  will  be  charred 
aroTuid  the  wood  but  uninjured  around  the  metal,  the  exact  line 
where  the  two  are  joined  being  in  this  way  plainly  marked.  The 
copper  conducts  away  the  heat  so  rapidly  that  tlie  paper  is  kept 
cool,  while  the  wood  is  so  poor  a  conductor  that  the  heat  re- 
mains in  the  paper,  and  scorching  occurs. 
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Even  among  the  metals  there  are  wide  differences  in  conduc- 
tivity, silver  and  copper  being  the  best.  It  is  because  of  the 
rapid  conduction  of  heat  by  metals  that  a  piece  of  wire  gauze 
may  be  lowered  over  a  flame  and  the  latter  fail  to  burn  above, 
the  metal  of  the  gauze  conducting  away  the  heat  so  rapidly  that 
there  is  left  insufficient  heat  to  ignite  the  gas.  For  the  same 
reason  a  piece  of  gauze  may  be  lowered  over  a  jet  of  gas,  and 
the  gas  lighted  above.  The  flame  above  the  gauze  does  not  ignite 
the  gas  below,  because  the  heat  from  the  flame  above  has  been 
conducted  away  by  the  metal  of  the  gauze. 

Sir  Humphrey  Davy  made  use  of  this  principle  in  the  con- 
struction of  the  Davy  safety  lamp  for  use  in  mines  where  in- 
flammable gases  are  prevalent.  Here  the  flame  of  the  lamp  is 
surrounded  by  fine  wire  gauze,  through  which  the  explosive  gases 
of  the  mine  are  free  to  pass.  Little  explosions  of  the  inflam- 
mable gases  indeed  take  place  within  the  lamp ;  but  the  flame 
within  cannot  pass  through  the  meshes  of  the  gauze  and  so 
ignite  the  explosive  gases  without,  because  the  metal  conducts 
away  the  heat  so  rapidly  and  completely  that  the  gases  on  the 
outside  are  not  heated  to  the  point  of  ignition. 
In  this  way  the  miner  may  carry  this  lamp  into 
parts  of  the  mine  filled  with  explosive  gases, 
where  it  would  be  dangerous  or  impossible  to  go 
without  this  device. 

Liquids  have  a  very  low  power  of  conductivity 
for  heat,  as  may  be  illustrated  by  igniting  a 
layer  of  tvirpentine  or  ether  on  the  surface  of 
water,  beneath  which  is  placed  a  delicate  air 
thermometer,  Fig.  161.  Although  the  bulb  of 
the  thermometer  is  but  a  few  millimeters  below 
the  surface  of  the  water,  and  therefore  removed 
but  a  short  distance  from  the  intense  source  of 
heat  above,  the  index  of  the  thermometer  hardly 
moves,  so  small  is  the  conductivity  of  water  for 
heat.  For  the  same  reason  water  may  be  boiled 
in  the  upper  part  of  a  test  tube,  while  a  piece  of 
ice,  attached  to  a  weight  to  keep  it  submerged, 
remains  unmelted  at  the  bottom. 


Fig.  101.  Water 
i.s  a  poor  con- 
ductor   of    hoat. 
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Gases  differ  greatly  among  themselves  in  their  power  of  con- 
ducting heat ;  and,  as  might  be  anticipated,  those  gases,  the  par- 
ticles of  which  are  in  the  most  rapid  motion,  conduct  heat  the 
most  readily.  Thus  hydrogen,  whose  molecules  have  a  higher 
velocity  than  those  of  any  other  gas,  conducts  heat  far  more 
readily  than  does  carbonic  acid  gas,  while  a  perfect  vacuum  does 
not  conduct  heat  at  all. 

It  is  to  the  thermal  insulation  produced  by  a  vacuum  that  is 
due  the  efficacy  of  the  Dewar  flask  for  holding  liquid  air.  This 
exceedingly  cold  substance  is  contained  in  a  thin  glass  flask  which 
is  surrounded  by  an  outer  flask,  Fig.  162,  the  space  between  the 
two  being  as  nearly  as  possible  a  perfect  vacuum.  Conduction 
of  heat  through  this  highly  exhausted  space  is 
thus  reduced  to  a  minimum ;  and  if  the  further 
precaution  is  taken  to  deposit  a  thin  coating  of 
silver  upon  the  vessels,  the  energy,  which  would 
otherwise  be  transmitted  by  radiation  (p.  ^ 
253)  through  the  vacuum  to  the  inner  vessel,  is  U^  M 
reflected  away,  and  the  liquid  air,  thus  protected  %^  .A^ 
from  almost  all  access  of  heat,  may  be  preserved  ^n^^ 

many  days.    It  is  upon  this  principle  that  is  con-      ^ Dcwar'aa^j'^^ 
structed   the    "thermos    bottle",    which   has    re- 
cently come  into  general  use,  and  wliich  is  effective  in  keeping 
liquids  hot  or  cold  for  long  periods  of  time. 

232.  Convection.  Convection  is  the  transference  of  heat  by 
the  actual  motion  of  the  heated  bodj^,  and  can  occur  only  in 
liquids  and  gases.  This  process,  which  is  a  purely  mechanical 
one,  is  usually  effected  by  currents,  or  circulation,  produced  by 
the  differences  in  specific  gravity  between  the  heated  and  cooled 
portions  of  the  body.  Thus,  in  a  room,  the  air  in  contact  with 
the  stove  or  radiator  is  heated,  and,  as  it  expands,  it  becomes 
less  dense  than  the  surrounding  air,  and  so  rises,  while  the  cooler 
air  from  the  sides  flows  in  to  take  its  place.  Currents  of  warm, 
light  air,  therefore,  continually  rise  from  the  source  of  heat 
and  move  to  distant  parts  of  the  room,  distributing  heat  to  por- 
tions far  removed  from  the  source  of  heat. 
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Fig.      163.     Convec- 
tion currents. 


Tlie  circulation  of  water  may  be  studied  in 
tlie  same  way  by  scattering  a  few  grains  of 
sawdust  or  a  little  coloring  matter  in  a  beaker 
of  Avater  heated  by  a  flame.  Currents  of 
heated  water  will  thus  be  seen  to  ascend  from 
a  point  immediated  over  the  flame,  Fig.  163, 
while  currents  of  cooler,  denser  water  will 
descend  at  the  sides  and  move  towards  the 
source  of  heat.  In  a  similar  way,  a  small  coil 
of  platinum  wire  at  the  bottom  of  a  tank  of 
water  may  be  heated  by  an  electric  current 
and  so  warm  the  water  in  its  immediate  neigh- 
borhood. The  heated  water  expands,  thus 
becoming  less  dense  than  the  water  around 
it,  and  so  rises,  wdiile  cooler  water  from  the 
sides  and  bottom  of  the  tank  flows  towards  the 
coil,  and  this  in  turn  expands  and  rises  in  the 
same  way. 


233.  Radiation.  Radiation  is  the  term  used  to  denote  a 
transference  of  energy  by  means  of  a  vibratory  motion  of  the 
ether.  This  phenomenon  is  believed  to  have  its  origin  in  the 
electrons  of  the  heated  bodj',  which  are  thought  to  be  vibrating 
or  rotating  many  thousands  of  million  times  in  a  second.  The 
vibratory  or  rotary  motion  of  the  electrons  disturbs  the  adjacent 
particles  of  the  ether,  these  particles  disturb  other  neighboring 
particles,  and  so  on,  so  that  a  wave,  which  thus  starts  at  the 
heated  body,  is  propagated  in  all  directions  through  the  ether 
M'ith  the  velocity  of  light. 

This  energy  of  vibration  of  the  ether  is  not  heat,  and  does  not 
become  heat  until  these  waves  encounter  a  substance  through 
which  they  cannot  pass  freely.  AVhen  they  are  stopped  by  an 
opaque  body,  their  motion  of  vibration  ceases,  and  the  energy 
represented  by  this  motion  is  expended  in  setting  in  vibration 
the  molecules  of  the  opaque  body  itself,  and  so  the  latter  be- 
comes warm.  It  is  not,  therefore,  until  the  waves  of  the  ether 
are  retarded,  and  their  energy  transformed  into  the  energy  of 
vibration  of  material  particles,  that  this  energy  becomes  ap- 
parcTit  as  heat. 


RADIATION. 
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It  is  in  this  Avay  that  vibratory,  or  radiant,  energy  comes  to 
us  from  the  sun.  The  vibrations  originating  in  the  sun  are 
propagated  in  all  directions  through  the  ether,  and  the  entire 
amount  of  ether  throughout  space  is  thrown  into  vibration. 
This  energy  of  vibration  does  not  become  the  energy  of  heat 
until  the  vibratory  motion  is  arrested  by  an  opaque  body,  such 
as  the  earth;  hence  the  regions  of  inter-stellar  space,  although 
transmitting  an  unlimited  amount  of  energy,  are  intensely  cold. 

The  experiment  due  to  Professor  Tyndall  of  concentrating  the 
sun's  rays  by  a  lens  made  of  ice  beautifully  illustrates  the  prin- 
ciple that  radiant,  or  vibratory,  energy  passes  through  the  me- 
dium that  transmits  it  without  heating  that  medium.  If  a  block 
of  ice  is  formed  in  the  shape  of  a  lens,  this  may  be  used  for 
bringing  to  a  focus  the  rays  of  the  sun  and  igniting  a  substance 
like  phosphorus  or  tinder.  The  vibrations  of  the  ether,  finding 
but  little  in  the  ice  to  obstruct  their  motion,  pass  through  the 
ice  with  but  slightly  diminished  energy,  and  it  is  not  until  these 
vibrations  are  stopped  that  their  energy  is  transformed  into 
heat.  In  this  Avay  a  lens  of  ice  may  be  used  as  a  "Imrning 
glass". 

234.  The  Radiometer.  The  little  instrument  knowii  as  the 
radiometer  depends  for  its  action  upon  the  principle  that  heat 
is  developed  when  the  vibratory  motion  of  the  ether  is  arrested. 
This  consists  of  four  little  vanes  of  mica  or  aluminium,  mounted 
so  as  to  turn  freely  on  a  pivot,  Fig. 
]64-.  one  sidp  of  each  vane  being 
1)lackened,  while  the  other  is  left 
bright.  The  Avhole  is  then  mounted 
in  a  glass  globe  from  which  nearly 
all  the  air  has  been  exhausted. 

"When  no  radiation  falls  upon  the 
vanes,  that  is,  when  the  instrument 
is  kept  in  the  dark,  the  bright  and 
the  black  faces  are  at  the  same 
temperature.  When,  however,  radiant  energy  from  the  sun 
or  other  luminous  source  falls  upon  them,  the  blackened  vanes 
check   the    vibration    of   the    ether    and    convert   their   energy 


F:g.  164.     Tlie  ladlometor. 
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into  heat,  thereby  raising  the  temperature  of  these  faces,  while 
the  bright  vanes  reflect  away  this  energy,  and  thus  remain  at 
a  constant  temperature.  Thus,  the  only  effect  of  radiation  is  to 
raise  the  temperature  of  the  blackened  surfaces,  and  to  maintain 
unchanged  the  temperature  of  those  that  are  bright. 

The  rotation  of  the  vanes,  however,  is  occasioned  by  the  un- 
equal reaction  of  the  air  particles,  as  they  rebound  from  the 
blackened  and  the  bright  surfaces  after  colliding  with  them.  A 
particle  of  air  in  the  partially  exhausted  globe  will  bombard  the 
bright  surface  of  a  vane  and  rebound  with  the  same  velocity  as 
that  with  which  it  approached,  since  it  receives  no  energy  from 
the  vane.  On  the  other  hand,  a  similar  air  particle  will  rebound 
from  a  blackened  surface  with  a  velocity  greater  than  that  with 
which  it  approached,  since  it  has  been  in  contact  for  an  instant 
with  this  heated  surface,  and  has  received  energy  from  it.  The 
impact  of  an  air  particle  upon  a  bright  surface  is  counterbal- 
anced by  a  similar  and  equal  impact  upon  a  blackened  surface ; 
but  the  reaction  upon  the  blackened  surface,  as  a  particle  re- 
bounds, is  greater  than  that  upon  the  bright  surface,  because 
the  particle  leaves  the  blackened  surface  with  an  increased  ve- 
locity, and  therefore  pushes  back  with  an  additional  force  as  it 
leaves.  The  blackened  faces  of  the  vanes  thus  recede  and  a 
rapid  rotation  is  produced,  the  momentum  of  the  vanes  and  the 
increased  momentum  of  the  air  particles  being  equal  in  amount 
and  opposite  in  direction. 

235.  Reflection,  Transmission,  and  Absorption.  When  ra- 
diant energy  falls  upon  a  body,  this  energy  is,  in  general,  divided 
into  three  parts,  depending  upon  the  nature  of  the  body.  One 
portion  is  transmitted,  that  is,  passes  on  through  the  body,  an- 
other portion  is  reflected,  and  a  third  portion  is  absorbed. 

If  the  body  is  polished,  and  if  it  offers  but  little  obstruction  to 
the  passage  of  the  ether  waves,  the  radiant  energy  is  largely 
transmitted  through  the  body,  and  the  body  is  said  to  be  trans- 
parent to  these  waves,  or  diathermous.  Again,  if  the  radiant 
energy  does  not  penetrate  the  opaque  body,  but  is  turned  back 
at  the  polished  surface,  the  energy  is  reflected,  and  the  body  is  a 
good  reflector.     If.  however,  the   nature  of  the  body  is  such 
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that  only  a  small  portion  of  the  incident  energy  is  reflected  or 
transmitted,  and  therefore  a  large  part  is  absorbed,  the  body  is 
said  to  be  a  good  absorber.  Rock  salt  is  one  of  the  most  dia- 
thermous  of  all  known  substances,  the  polished  surfaces  of  metals 
.are  good  reflectors,  silver  being  the  best,  while  the  substance  that 
most  completely  absorbs  all  radiations  falling  upon  it,  and 
therefore  the  one  that  proves  to  be  the  best  absorber,  is  lamp- 
"black. 

236.  Radiation — Prevost's  Theory  of  Exchanges,  If  the  ra- 
diations from  a  source  of  energy,  such  as  a  gas  flame,  fall  upon 
a  delicate  thermometer  or  thermopile,  a  portion  of  this  radiant 
energy  is  absorbed,  and  the  temperature  of  the  thermometer 
rises.  If  now  a  piece  of  ice  instead  of  the  gas  flame  is  held  near, 
the  mercury  will  be  observed  to  fall,  showing  a  lower  tempera- 
ture, and  apparently  indicating  that  cold  has  been  radiated  from 
the  ice.  "When  we  remember,  however,  that  radiation  is  the 
process  of  transmitting  energy  by  the  vibratory  motion  of  the 
•ether,  we  see  at  once  that  it  is  only  energy,  and  not  a  lack  of 
energy,  which  can  be  transmitted  in  this  way,  and  therefore 
that  it  is  impossible  for  the  ice  to  radiate  cold.  Although  this 
experiment  is  most  simple,  it  is  nevertheless  most  instructive, 
because  it  gives  us  an  insight  into  the  conditions  of  bodies  at  ordi- 
nary temperatures  as  regards  radiation. 

From  the  latter  experiment  it  is  clear  that  the  thermometer 
lost  energy  due  to  the  presence  of  the  ice,  since  its  temperature 
was  lowered,  and  it  is  also  clear  that  this  loss  of  energy  could  not 
have  been  radiated  from  the  ice.  The  conclusion  is  therefore, 
evident  that  the  thermometer  lest  energy  by  the  radiations  which 
it  itself  sent  out  to  the  ice,  and  that  this  loss  was  greater  than 
it  would  have  been  if  a  body  of  the  same  temperature  as  the 
thermometer  had  been  used  instead  of  the  ice. 

Experiments  of  a  similar  nature  have  led  to  the  belief  that 
all  bodies  are  continually  radiating  energy  to  other  bodies,  and 
also  continually  receiving  energy  by  radiation  from  other  bodies. 
If  a  body  is  of  higher  temperature  than  surrounding  objects, 
it  sends  out  by  radiation  more  energy  than  it  receives  in  the 
same  way  from  these  objects,  and  therefore  it  grows  cold,  while 
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the  surrounding  objects  grow  warm.  Similarly  if  a  body  is 
colder  than  surrounding  objects,  it  receives  more  energy  by 
radiation  from  these  objects  than  it  sends  out  to  them,  hence 
the  body  grows  warm,  owing  to  the  excess  of  energy  which  it 
receives  by  radiation  over  that  which  it  sends  out  in  the  same 
way.  Furthermore,  if  a  body  is  at  tlie  same  temperature  as 
surrounding  objects,  we 'must  not  conclude  that  it  does  not  radi- 
ate or  receive  radiations,  but  must  rather  believe  with  Prevost 
that  it  is  continually  radiating  energy  to  the  Malls  of  the  room 
and  to  objects  in  its  neighborhood,  and  that  it  is  also  constantly 
receiving  energy  by  radiation  from  these  objects.  jMoreover,  the 
amount  which  it  thus  loses  by  radiation  is  exactly  equal  to  the 
amount  it  receives  in  the  same  way,  so  that  its  temperature  does 
not  change. 

The  experiment  with  the  ice  is  therefore  at  once  interpreted, 
and  we  now  see  how  it  is  indeed  true  that  the  ice  does  not  radiate 
cold,  but  that  it  radiates  energy,  and  that  the  thermometer  also 
radiates  energy.  Inasmuch,  however,  as  the  thermometer  is  at  a 
higher  temperature  than  the  ice,  it  radiates  a  greater  amount 
of  energy  to  the  ice  than  it  receives  by  radiation  from  the  ice, 
hence  its  temperature  falls.  Radiation  must,  therefore,  be  con- 
sidered as  taking  place  at  all  temperatures  from  all  bodies.  If 
the  bodies  are  at  different  temperatures,  the  effect  of  radia- 
tion will  be  to  bring  them  to  the  same  temperature ;  if  the  bodies 
are  initially  at  the  same  temperature,  a  constant  interchange 
of  energy  is  taking  place  between  them,  and  the  bodies  remain 
at  the  same  temperature  due  only  to  the  fact  that  each  body 
continually  receives  as  much  energy  by  radiation  from  adjacent 
bodies  as  it  itself  sends  out  by  radiation  to  these  bodies. 

237.  EquaJity  of  Radiatingf  Power  and  Absorbing:  Power. 

Possibly  a  clearer  view  of  this  exchange  of  radiations  may  be 
obtained  if  we  think  of  a  body  suspended  in  the  center  of  a  hol- 
low sphere.  Fig.  165.  If  the  inner  body  is  at  a  higher  temperature 
than  the  surrounding  sphere,  it  will  radiate  more  energy  to  the 
sphere  than  it  receives  in  return,  and  the  two  will  be  brought  to  an 
equality  of  temperature.  If  the  inner  body  is  colder  than  the 
sphere,  it  will  receive  more  energy  than  it  radiates,  and  again 
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Fir,.  16.1.  Radiation' 
and  absorption  are 
equal. 


the  two  will  come  to  a  eomnioii  temperature.     If  the  inner  body 
is  at  the  same  temperature  as  the  sphere  it  must  radiate  as  much 
energy   as    it    receives,    otherwise    it    would    continually    grow 
warmer;  moreover,  it  must  also  receive  as 
much  energy  as  it  radiates,  or  it  would 
continually  grow  colder.     The  ability  of  a 
body  to  radiate,  therefore,  is  exactly  equal 
to  the  capacity  of  the  same  body  to  absorb 
radations,  that  is,  the  radiating  power  of 
a  body  is   equal  to  its  absorbing  power, 
where  the  radiating  power  of  a  body  is  de- 
fined as  the  amount  of  energy  radiated  per 
second  per  square  centimeter,  and  the  ab- 
sorbing power  of  a  body  is  defined  as  the  amount  of  energy  ab- 
sorbed  per   second   per   square     centimeter.     We     understand, 
therefore,  how  it  is  that  lamp-black,  which  is  the  best  absorber, 
is  also  the  best  radiator,  while  a  body  which  is  a  poor  absorber 
or  a  good  reflector,  is  also  a  poor  radiator. 

238.  Leslie  Cube.  The  great  difference  that  exists  between 
various  surfaces  as  regards  their  radiating  power,  and  there- 
fore, also,  as  regards  their  absorbing  po^ver,  may  be  beautifully 
illustrated  by  the  device  known  as  the  Leslie  cube.  This  is  a 
hollow  metallic  cubical  box.  polished  upon  one  of  its  lateral 
surfaces,  left  in  a  roughened  state  upon  another,  covered  with 
lamp-black  upon  a  third,  and  coated  with  a  paint  or  material  to 
be  investigated  upon  the  fourth.  The  four  faces  are  then 
brought  to  the  same  temperature  by  filling  the  box  with  hot 
water.  "When  the  cube  thus  filled  is  placed  before  a  thermo-pile, 
the  indications  of  the  latter  instrument  show  at  once  the  rela- 
tive amounts  of  energy  Avhich  the  various  faces  of  the  cube  emit 
by  radiation. 

It  will  then  be  seen  that  the  polished  surface  radiates  less 
than  the  roughened  one,  the  latter  far  less  than  the  one  coated 
with  lamp-black,  while  the  painted  one  will  radiate  compara- 
tively little  if  the  color  is  light,  especially  if  it  is  white,  but  more 
and  more  m  proportion  as  the  color  is  darker,  and  nearly  as 
much  as  lamp-blaek  if  the  pigment  is  black.     The  polished  sur- 
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face,  which  is  thus  seen  to  be  a  poor  radiator,  is  a  good  reflector 
and  therefore  a  poor  absorber,  while  the  blackened  surface  is  a 
good  radiator,  but  it  is  a  poor  reflector  and  hence  a  good  absorber. 


CHAPTER  XVII. 
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239.  The  Unit  Quantity  of  Heat— The  Calorie.  In  making 
thermal  measurements,  a  clear  distinction  must  be  drawn  be- 
tween temperature  and  quantity  of  heat.  Temperature,  as  we 
have  seen,  (p.  234),, is  a  measure  of  the  kinetic  energy  of  the 
molecules  of  a  body,  but  is  entirely  independent  of  the  number 
of  these  molecules,  that  is,  of  the  mass  of  the  body.  On  the 
other  hand,  the  quantity  of  heat  a  body  contains  denotes  the 
total  kinetic  energy  of  its  particles,  and  this  depends  upon  the 
ma'ss  of  the  body  as  well  as  upon  the  velocity  with  which  these 
particles  are  moving. 

Since  it  is  clear  that  a  perfectly  definite  amount  of  heat  will 
raise  a  certain  quantity  of  a  particular  substance  through  a 
given  range  of  temperature,  such  a  quantity  of  heat  may  be 
taken  as  the  unit  quantitj^  It  is  found,  however,  that  the 
quantity  of  heat  required  to  raise  the  temperature  of 
a  given  mass  of  one  substance  to  a  certain  degree  will 
raise  the  temiDerature  of  the  same  mass  of  another  substance 
to  an  entirely  different  degree.  Therefore,  in  choosing  the  unit 
quantity  of  heat,  it  is  necessary  to  specify  the  substance,  as  well 
as  its  mass  and  the  range  of  temperature  through  which  it  is  to 
be  heated.  The  substance  thus  selected  is  water,  its  mass  is  one 
kilogram,  and  the  range  of  temperature  through  which  it  is 
heated  is  from  19.5,°  C.  to  20.5°  C.  The  unit  qucmtity  of  heat, 
therefore,  is  the  quantity  of  heat  that  will  raise  the  temperature 
of  1  kilogram  of  water  from  19.5°  C,  to  20.5°  C,  and  is  called 
the  calorie.  Inasmuch,  unfortunately,  as  another  unit  of  heat 
is  sometimes  employed  where  one  gram  is  used  in  place  of  one 
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kilogram,  it  is  necessary  to  distinguish  these  units  of  heat  as 
the  greater  calorie  and  tlie  lesser  caloric.  The  lessor  calorie  is 
]()()()  times  smaller  than  tlie  greater. 

240.  The  Choice  of  the  Calorie.  Experiment  shows  that  the 
quantity  of  heat  required  to  raise  the  temperature  of  a  kilogram 
of  water  from  9°  C.  to  10°  C.  is  slightly  different  from  that  em- 
ployed where  the  range  of  temperature  is  from  19°  C.  to  20°  C. 
Indeed,  a  similar  variation  of  greater  or  less  amount  is  found 
when  any  other  two  successive  degrees  are  thus  compared 
throughout  the  whole  thermometric  range.  Accordingly  in  de- 
termining the  calorie  it  is  necessary  to  specify  the  particular  de- 
gree through  which  the  rise  of  temi^erature  of  tlie  kilogram  of 
water  is  to  l)e  carried ;  and  while  other  calories  are  likewise  in 
use  for  special  purposes,  the  one  here  given,  which  is  known  as 
the  20°  calorie,  possesses  certain  advantages,  one  being  the  fact 
that  this  temperature  is  approximately  the  temperature  of  the 
room  in  which  observations  are  usually  conducted.  The  varia- 
tion, however,  in  the  quantity  of  heat  required  to  raise  the  tem- 
perature of  a  kilogram  of  water  1°  C.  is  not  large  throughout  the 
entire  range  of  temperature  from  0°  C.  to  100°  C. ;  and  hence, 
except  in  measurements  of  extreme  accuracy,  we  may,  for  all 
jiractical  purposes,  take  the  calorie  to  be  the  quantity  of  heat 
required  to  raise  the  temperature  of  1  kilogram  of  water  through 
1°  C.  Roughly,  therefore,  it  requires  100  calories  of  heat  to 
raise  the  temperature  of  1  kilogram  of  Avater  from  0°  C.  to 
100°  C. 

241.  Differences  in  Thermal  Capacity.  When  equal  quan- 
tities of  heat  are  applied  to  equal  masses  of  several  different 
substances,  it  is  found,  in  general,  that  the  resulting  tempera- 
tures of  these  substances  are  widely  different.  On  the  other 
hand,  if  equal  masses  of  several  different  substances  are  raised 
to  the  same  temperature,  each  substance  will  absorb  a  quantity 
of  heat  different  in  amount  from  that  taken  up  by  any  other 
sub.stance.  The  quantity  of  heat,  for  instance,  that  will  raise 
the  temperature  of  a  kilogram  of  water  from  0°  C.  to  the  boiling 
])oiiit   will  raise  the  temperature  of  a  kilogram  of  iron   to  a 
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bright  red  heat.  This  shows  that  more  heat  is  i-equired  to  raise 
a  mass  of  water  to  a  given  temperature  than  to  raise  an  equal 
mass  of  iron  to  the  same  temperature.  Accordingly,  substances 
differ  from  one  another  in  their  capacities  for  heat;  and  the 
substance  that  requires  the  largest  amount  of  heat,  mass  for 
mass,  to  produce  a  given  rise  of  temperature  has  the  largest 
capacity  for  heat.  Thus,  in  the  illustration  just  given.  Avater 
has  a  capacity  for  heat  much  greater  than  iron,  and,  indeed, 
greater  than  that  of  any  other  known  substance  except  hydro- 
gen. 

242.  Specific  Heat.  When  the  mass  of  the  substance  is  1 
kilogram  and  the  range  of  temperature  through  which  it  is  heated 
is  1°  C,  the  quantity  of  heat  required  to  effect  this  change  of 
temperature  is  known  as  the  specific  heat.  The  specific  heat  of 
a  substance,  thercjore,  is  the  number  of  calories  of  Jicat  required 
to  raise  the  temperature  of  1  kilogram  of  the  substance  through 
1°  C.  From  this  it  folloAvs  that  the  specific  heats  of  substances 
are  in  the  same  ratio  as  their  thermal  capacities,  a  body  W'hich 
has  a  high  specific  heat  requiring  a  relatively  large  amount  of 
heat  to  raise  it  to  a  given  temperature. 

Experiment  shows  that  the  specific  heat  of  a  substance  is  not 
always  the  same,  but  depends  upon  the  circumstances  under 
Avhich  the  determination  is  made.  The  specific  heats  of  solids  and 
liquids  are  slightly  different  at  different  temperatures,  while  the 
specific  heats  of  gases  show  marked  deviations  when  the  pressure 
and  volume  conditions  of  the  gas  undergo  change.  So  slight, 
liOAvever,  are  the  variations  in  the  specific  heats  of  solids  and 
liquids,  that  for  approximate  measurements  they  may  be  ne- 
glected. With  gases,  on  the  other  hand,  it  is  entirely  different : 
and  in  all  measurements  in  which  the  specific  heats  of  gases  are 
involved,  the  most  careful  attention  must  be  paid  to  the  condi- 
tions of  pressure  and  volume  when  heating  takes  place. 

243.  Causes  of  the  Differences  Between  Specific  Heats.  The 
question  as  to  why  one  substance  requires  more  heat  than  an- 
other to  produce  a  given  rise  of  temperature  may  be  answered 
by  considering  the  effects  of  heat  upon  a  body. 
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If  the  body,  when  heated,  expands,  and  so  occupies  a  larger 
volume,  the  atmospheric  pressure,  together  with  any  other  pres- 
sure to  which  it  is  subjected,  must  be  pushed  back.  This  force, 
acting  through  the  distance  through  which  the  body  expands, 
performs  work;  and  the  energy  which  is  expended  in  perform- 
ing this  work  must,  of  course,  be  derived  from  the  heat.  A  por- 
tion of  the  energy  of  the  heat  is  thus  consumed  in  performing 
work  exterior  to  the  body,  that  is,  in  doing  external  work. 

Another  portion,  and  often  a  very  large  portion,  of  the  heat 
supplied  to  a  body  is  expended  in  performing  work  inside  the 
body  itself,  or  in  doing  internal  work,  and  this  may  be  accomp- 
lished in  several  different  ways.    When  the  kinetic  energy  of  the 
molecules  is  increased  with  a  rise  of  temperature  (p.  234),  the 
blows  which  they  deliver  upon  one  another  become  more  fre- 
quent and  more  violent,  so  that  the  molecules  are  crowded  farther 
apart   (p.  243),  and  the  body  expands.     In  all  cases  of  expan- 
sion,  therefore,  the  molecular,   or  cohesive,   forces  are  moved 
through  a  certain  distance,  and  this  requires  the  expenditure  of 
work.     Obviously  the  energy  necessary  to  perform  this  work, 
whicli  has  its  equivalent  in  the  resulting  increased  potential  en- 
ergy of  the  molecules,  is  drawn  likewise  from  the  supply  of  heat. 
Experiment  indicates,  moreover,  that  a  portion  of  the  energy 
of  the  heat  is  expended  in  giving  the  atoms  within  tlie  molecules 
not  only  an  increased  rotary  or  vibratory  motion  among  them- 
selves about  their  centers  of  mass   (p.  96),  but  also  an  addi- 
tional energy  of  position,  or  potential  energy,  with  respect  to  one 
another.     Finally  there  are  reasons  to  believe  that  the  electronvS 
witliin  the  atoms   (p.  10)   are  accelerated  in  their  orbital  rota- 
tions by  a  rise  of  temperature,  and  this  also  involves  a  consump- 
tion of  energy.    In  all  of  these  ways,  energy  is  consumed  within 
the  body  itself,  and  thus  may  be  said  to  do  internal  work. 

When  heat  is  applied  to  a  l)ody,  therefore,  this  heat  is  ex- 
pended partly  in  doing  external  work,  partly  in  doing  internal 
work,  and  partly  in  raising  the  temperature.  The  amount  avail- 
able for  raising  the  temperature  is  only  that  which  remains  after 
the  performance  of  the  external  work  and  the  various  forms  of 
internal  work.  If  expansion  is  prevented  while  the  body  is  being 
heated,  it  is  evident  that  no  external  work  can  be  performed. 
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Ill  this  case  a  larger  proportion  of  the  energy  is  then  available 
for  raising  the  tempeatnre,  and  the  body  becomes  hotter,  Again^ 
if  the  conditions  are  such  that  the  major  part  of  the  energy  sup- 
l^lied  is  employed  in  doing  internal  work,  but  little  is  left  for 
raising  the  temperature  and  effecting  the  consequent  expansion. 

244.  The  Two  Specific  Heats  of  a  Gas.  When  heat  is  added 
to  a  gas  to  raise  its  temperature,  there  prove  to  be  two  important 
conditions  under  which  this  application  of  heat  may  be  made : 
first,  when  the  gas  is  confined  in  a  tight  vessel  which  does  not  al- 
low it  to  expand,  and  which,  therefore,  maintains  the  volume  con- 
stant ;  second,  when  it  is  enclosed  in  a  cylinder  provided  with  a 
piston  Avhich  moves  freely,  so  that  the  gas,  as  it  expands,  remains 
at  constant  pressure. 

In  the  first  instance,  when  the  gas  is  kept  at  constant  volume, 
no  external  work  can  be  done,  since  no  expansion  occurs.  The 
effect  of  the  heat  then,  is  confined  solely  to  increasing  the  kinetic 
energy  of  the  molecules,  that  is,  in  raising  its  temperature  and  to 
doing  internal  work  upon  the  atoms  and  electrons  within  the 
molecules..    If  the  vessel  contains  1  kilogram  of  the  gas,  the 
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Fig.  ]C,0.  Ihc  speoiflo  hoat  of  a  iiii.s  at  constant 
livpssiire  is  STc-atcr  than  that  at  constant 
volume. 


number  of  calories 
thus  consumed  in 
raising  the  tempera- 
ture 1°  C.  is  the  spe- 
cific heat  of  the  gas 
at  constant  volume, 
and  is  usually  de- 
noted by  Cv. 

In  the  second  in- 
stance, when  the  gas 
is  heated  in  a  cylin- 
der provided  with  a 
freely-moving  piston, 
Fig.  166,  the  pres- 
sure remains  con- 
stant throughout,  and" 
the  gas  in  expand- 
ing, pushes  back  the- 
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piston,  together  with  the  pressure  upon  it,  and  so  does  external 
work.  To  the  energy  Avhich  is  consumed  thus  in  raising  the 
temperature  and  in  doing  external  work,  must  be  added  a  minute 
amount  expended  in  doing  internal  work  upon  the  molecules  of 
the  gas.  The  slight  forces  of  attraction  which  the  molecules  of 
a  gas  have  for  one  another  are  moved  through  a  certain  distance 
when  the  molecules  are  separftted,  as  the  gas  expands,  and  so 
internal  work  is  done  between  the  molecules.  This  work  increases 
the  potential  energy  of  the  molecules,  and  therefore  increases  the 
quantity  known  as  the  inner  energy  of  the  gas.  The  latter  en- 
ergy, however,  is  relatively  small  in  amount,  and,  except  in 
measurements  of  great  precision,  may  be  neglected. 

Practically,  then,  the  energy  which  is  supplied  to  heat  a  gas 
at  constant  pressure  is  expended  in  raising  the  temperature  of 
the  gas  and  in  doing  external  work.  If  the  cylinder  contains 
1  kilogram  of  the  gas,  and  this  is  heated  1°  C,  the  amount  of 
heat  thus  supplied  is  known  as  the  specific  heat  at  constant  pres- 
sure, and  is  denoted  by  6'p. 

The  ratio  of  these  two  specific  heats,  which  increases  with  the 
pressure,  is  constant  for  all  diatomic  gases  at  atmospheric  pres- 
sure, and  has  the  value  1.41.  That  is,  for  diatomic  gases  at. 
atmospheric  pressure 

Co 

—  =  1.41. 

a 

The  specific  heat  of  a  gas  at  constant  pressure  may  be  easily 
determined  by  experiment,  but  until  recently  the  specific  heat  at 
constant  volume  could  be  neither  so  readily  nor  so  accurately 
measured.    Previously  the  ratio  between  them,  that  is, 

^=  1.41. 

a 

could  be  determined  only  from  the  velocity  of  sound  in  the  air, 
by  a  method  to  be  described  later :  and  as  Tp  was  knoAvn  by  actual 
measurement,  Cy  could  be  accurately  determined. 
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It  is  interesting  to  note  that,  although  the  ratio  of  the  two  spe- 
tjific  heats  is  1.41  for  all  diatomic  gases,  this  same  ratio  has  the 
value  1.66  for  monatomic  gases,  such  as  argon,  helium,  and  mer- 
cuiy  vapor,  Avhile  it  falls  as  low  as  1.025  for  a  polatomic  molecule, 
such  as  ether  vapor,  which  has  fifteen  atoms  in  its  molecule.  The 
explanation  is  simple  when  we  consider  that  no  internal  work 
is  possible  Avithin  a  molecule  that  consists  of  one  atom  only,  the 
atom  and  the  molecule  in  this  case  being  identical.  In  a  mole- 
<cule  which  contains  two  atoms,  a  certain  portion  of  the  energy 
is  consumed  in  doing  work  upon  these  atoms,  that  is  in  giving 
•them  increased  kinetic  energy  as  well  as  a  greater  potential  en- 
,ergy  with  respect  to  each  other.  As  might  be  expected,  this  effect 
is  multiplied  in  a  molecule  containing  many  atoms ;  for  here  the 
-Avork  done  Avithin  the  molecule  is  very  great  indeed,  as  compared 
■►with  the  external  Avork  AA-hich  the  gas  does  in  expanding. 

yj^.2^.  Atomic  Heat — Dulong  and  Petit 's  LaAV.  A  remarkable 
J^  relation,  discovered  by  Dulong  and  Petit,  ^^xists  betAveen  the  spe- 
"^  cific  heats  of  certain  substances  and  their  atomic  AA^eights.  These 
iinvestigators  found  that,  AAdth  A^ery  fcAv  exceptions,  the  specific 
'heats  of  all  solid  elementary  subst-ances  are  inversely  propor- 
tional to  their  atomic  AA^eights,  or  that  the  product  of  the  specific 
'heat  and  the  atomic  AA'eight  of  all  solid  elementary  substances  is 
(Constant,  and  equal  approximately  to  6.4.  This  remarkable  laAv 
'has  been  of  the  greatest  service  to  the  chemist  as  an  aid  in  de- 
-termining  atomic  weights,  and  points  to  a  most  interesting  fact 
^regarding  the  capacities  of  the  atoms  for  heat. 

Since  the  relatiA^e  AA^eights  of  the  atoms  are  expressed  by  their 
.^atomic  Aveights,  the  actual  weights  in. grams  of  an  equal  number 
-  of  atoms  of  different  substances  are  to  each  other  as  their  atomic 
"^AA^eights.  That  is,  if  as  many  grams  of  different  substances  are 
-taken  as  there  are  units  in  their  atomic  Aveights,  these  masses  con- 
■  tfiin  the  same  number  of  atoms.  Thus,  since  the  atomic  AA^eight  of 
~  iron  is  56,  that  of  copper  6.^,  and  that  of  lead  208,  it  f oHoaa^s  that 
"there  are  as  many  atoms  in  56  grams  of  iron  as  in  63  grams  of 
-copper  or  208  grams  of  lead.  If  aa'c  multiply  these  quantities 
^by  the  specific  heats  of  these  substances,  Ave  shall  obtain  6.4, 
Nivhich  is  the  number  of  lesser  calories  required  to  raise  the  tem- 
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perature  of  3(3  grams  of  iron,  G;i  grams  of  copper,  or  208  grams 
of  lead  1°  C,  that  is,  to  raise  the  temperature  of  the  same  number 
of  atoms  of  iron,  copper,  and  lead  through  this  range  of  tem- 
perature. This  product  of  the  atomic  weight  and  the  specific 
heat  of  a  substance  is  knoAvn  as  tlie  atomic  heat  of  that  substance. 
Prom  the  remarkable  fact  that  the  atomic  heat  of  nearly  all 
solid  elementary  substances  is  constant,  we  may  draw  the  follow-, 
ing  conclusions : 

1.  The  quantity  of  heat  that  will  raise  the  temperature  of  one 
atom  a  certain  amount  Avill  also  raise  the  temperature  of  any 
other  atom  by  the  same  amount ;  or,  the  capacity  for  heat  of  one 
atom  is  the  same  as  that  of  any  other  atom,  and  is  wholly  inde- 
pendent of  the  nature  of  the  svibstance. 

2.  ]\Iasses  of  different  substances  proportional  to  their  atomic 
weights  are  said  to  be  chemically  equivalent,  that  is,  one  may  re- 
place the  otlier  in  any  chemical  compound.  Dulong  and  Petit 's 
law  states  that  equal  quantities  of  lieat  are  required  to  raise 
chemically  equivalent  sul)stances  to  equal  temperatures,  or  in 
other  words,  sul)stances  that  are  chemically  equivalent  are  also 
thermally  equivaU^nt. 

Tlie  law  of  Dulong  and  Petit  is  true  for  nearly  all  elementary 
bodies  in  the  solid  state,  but  holds  only  imperfectly  for  gases  and 
not  at  all  for  liquids.  The  law.  however,  has  been  extended  by 
Kopp  so  as  to  apply  also  to  solid  compound  bodies.  "With  these 
it  is  found  that  the  molecular  heat  of  a  body,  that  is,  the  product 
of  the  molecular  weight  and  the  specific  heat,  is  equal  to  the  sum 
of  the  atomic  heats  of  the  elements  therein  contained. 


CHAPTER  XVIII. 

FUSION  AND  SOLIDIFICATION. 

246.  Fusion.  The  molecules  of  a  solid  must  be  regarded  as 
having  a  definite  position  with  reference  to  one  another,  and 
as  being  held  in  that  position  by  the  strong  molecular  forces 
that  bind  molecules  together.  The  molecules  of  a  solid  body, 
therefore,  are  in  a  position  of  stable  equilibrium  under  the,  action 
of  these  molecular  forces. 

When  heat  is  applied  to  a  solid,  the  kinetic  energy  of  its  par- 
ticles increases  until  a  perfectly  definite  temperature  for  each 
substance  is  reached,  after  which  the  rise  of  temperature  ceases 
altogether.  A  further  addition  of  heat,  instead  of  producing  a 
corresponding  increase  of  temperature,  causes  the  strong  mole- 
cular bonds  to  be  broken  and  the  molecules  to  be  forced  farther 
apart,  in  opposition  to  these  molecular  forces  that  hold  them 
together.  When  the  molecules  are  no  longer  held  so  rigidly  to- 
gether, they  are  free  to  leave  the  molecules  to  which  they  have 
been  bound,  and  to  wander  among  other  molecules,  and  the  body 
passes  from  the  solid  to  the  liquid  state,  or,  in  other  words,  the 
body  melts.  AVhen  the  molecules  are  thus  separated  from  one 
another,  work  must  be  done  in  overcoming  these  molecular 
forces ;  hence  the  passing  from  the  solid  to  the  liquid  state  re- 
quires the  consumption  of  energy,  and  this  energy  is  supplied 
in  the  form  of  the  heat  which  is  necessary  to  melt  the  substance. 
Thus,  when  ice  passes  from  the  solid  to  the  liquid  state,  the  heat 
required  to  melt  the  ice  is  consumed  in  tearing  apart  the  mole- 
cules and  thus  giving  to  the  molecules  of  water  a  potential  en- 
ergy which  they  did  not  possess  as  ice. 

247.  The  Heat  of  Fusion.  The  heat  thus  consumed  during 
fusion  is  expended,  not  in  raising  the  temperature,  but  in  doing 
internal  work,  that  is,  in  giving  the  molecules  a  potential  energy 
which  they  did  not  heforc  possess.    Although  a  large  amount  ot 
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heat  is  expended  in  the  process  of  fusion,  the  temperature  of  the 
resulting  liquid  is  absolutely  the  same  as  that  of  the  solid  before 
fusion.  In  the  melting  of  ice,  it  is  found  that  80  calories  of  heat 
are  required  to  change  a  kilogram  of  ice  at  0°  C.  to  water  at  0°  C. 
A  kilogram  of  water  at  0°  C.  has,  therefore,  more  energy  than  a 
kilogram  of  ice  at  0°  C.  by  an  amount  equivalent  to  80  calories 
of  heat.  The  heat  which  thus  disappears  during  fusion,  and 
whicli  is  known  as  the  heat  of  fusion,  is  to  be  considered  as  con- 
sumed in  giving  the  molecules  of  the  liquid  a  potential  energy 
with  referejice  to  one  another,  and  must  never  be  regarded  as 
"latent". 

248.  The  Laws  of  Fusion.  The  laws  according  to  which  fu- 
sion takes  place  are  three  in  number,  and  are  as  follows : 

1.  Every  crystalline  substance  has  a  perfectly  definite  melting 
point,  which,  under  ordinary  conditions,  is  the  same  as  the  freez- 
ing point. 

2.  When  the  melting  point  is  reached,  the  substance  remains 
at  a  constant  temperature  until  it  is  entirely  melted. 

8.  Every  substance  requires  a  perfectly  definite  quantity  of 
heat  to  change  it  from  the  solid  to  the  liquid  state. 

249.  Freezing  Mixtures.  The  efficiency  of  a  freezing  mix- 
ture, such  as  ice  and  salt,  depends  upon  the  fact  that  heat  is 
required  to  melt  a  substance.  The  chemical  action  between  salt  and 
ice  is  such  that  the  two  cannot  remain  together  in  the  solid  state ; 
the  salt  causes  tlie  ice  to  melt,  and  the  water  thus  produced  dis- 
solves the  salt.  Every  kilogram  of  ice  in  melting  consumes  80 
calories  of  heat ;  and  as  no  other  source  of  heat  is  present,  the 
energy  required  to  melt  the  ice  is  taken  from  the  ice  itself.  As 
heat,  therefore,  is  withdrawn  from  ice  at  0°  C,  the  temperature 
of  tlie  mixture  falls  far  ])elow  0'°  C. 

250.  Solidification.  When  a  liquid  solidifies,  as,  for  in- 
stance, when  water  freezes,  the  alcove  process  takes  place  in  the 
reverse  order,  and  the  liquid  falls  in  temperature  until  the  freez- 
ing point  is  reached.  The  freezing  point,  which,  in  general,  is 
the  same  as  the  melting  point,  is  the  temperature  at  which  liquid 
particles  come  together  and  form  a  solid.     While  the  body  re- 
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mains  a  liquid,  the  kinetic  energy  of  the  particles  is  too  great 
to  permit  of  a  permanent  union  between  the  molecules,  so  that 
the  latter  remain  separated,  their  molecular  forces  being  con- 
stantly disrupted.  As  the  temperature  falls,  however,  the  mole- 
cular bombardments  decrease  in  violence,  until,  when  they  are 
no  longer  able  to  prevent  the  molecules  from  uniting,  the  strong 
molecular  forces  draw  these  particles  together,  and  the  liquid 
solidifies.  The  molecular  forces,  thus  moving  through  a  dis- 
tance, do  work  upon  the  molecules,  and  give  to  them  an  added 
kinetic  energy  equal  in  amount  to  the  potential  energy  which 
they  possessed  during  the  entire  time  the  body  had  been  liquid. 

251.  The  Heat  of  Solidification,  Accordingly,  as  the  liquid 
solidifies  and  the  particles  come  again  into  the  position  of  max- 
imum stability,  the  potential  energy  which  the  molecules  pos- 
sessed in  the  liquid  state  is  transformed  into  kinetic  energy.  In 
other  words,  tlie  heat  which  had  previously  been  required  to 
melt  the  solid,  and  which  had  remained  in  the  liquid,  not  in  the 
form  of  heat,  but  as  potential  energy  of  the  molecules,  now  be- 
comes kinetic  energy  once  more,  and  warms  the  body.  The  heat 
which  is  thus  evolved  when  a  liquid  solidifies  is  known  as  the 
heat  of  solidification,  and  is  identical  in  amount  with  the  heat  of 
fusion,  which  had  at  some  previous  time  been  applied  to  melt  the 
solid.  It  is  thus  seen  that  the  energy  represented  by  the  heat 
of  fusion  remains  within  the  liquid  as  molecular  potential  energy 
until  it  is  transformed  into  molecular  kinetic  energy,  or  the  heat 
of  solidification,  which  becomes  apparent  as  heat  when  the  liquid 
passes  into  the  solid  condition.  For  every  kilogram  of  ice  that 
freezes,  80  calories  of  heat  are  thus  ''set  free,"  and  this  heat 
raises  the  temperature  of  the  water  and  the  adjacent  air. 

252.  Supercooling-  and  Supersaturation.  By  taking  great 
precautions  to  exclude  the  air  and  to  prevent  agitation,  it  is  pos- 
sible to  cool  a  mass  of  water  even  16°  C.  below  zero  before  it 
solidifies.  In  this  condition,  which  is  known  as  that  of  super- 
cooling,  the  particles  are  in  a  state  of  unstable  equilibrium,  and 
the  water  will  instantly  pass  into  the  solid  state  as  soon  as  freez- 
ing begins.  A  slight  jar  is  sufficient  to  overturn  these  insecure 
molecules,  hence  a  mass  of  supercooled  water  will  partly  solidify 
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at  oiK'O  when  it  is  in  any  way  agitated,  or  when  it  is  merely 
touched  with  a  crystal  of  ice,  while  the  temperature  will  immedi- 
ately rise  to  O-'  L\  because  of  the  cnergj'  evolved  as  the  heat  of 
solidification. 

Analogous  to  the  condition  of  supercooling  is  that  of  the 
supersaturation  of  a  salt.  A  salt,  such  as  sodium  acetate,  which 
may  be  dissolved  by  heating  with  a  very  little  w^ater,  if  allowed 
to  cool  in  a  quiet  place,  will  cool  below  the  temperature  at 
which  it  normally  crystallizes  without  solidification  taking  place. 
The  molecules  of  this  solution  are,  however,  in  a  thoroughly  un- 
stable condition  and  will  pass  into  the  solid  state  as  soon  as 
crystallization  begins.  The  overturning  of  this  unstable  equilib- 
rium may  be  started  by  dropping  into  the  solution  the  smallest 
fragment  of  a  crystal  of  the  solid  salt.  Crystallization  then  pro- 
ceeds rapidly  throughout  the  liquid,  and  the  potential  energy 
possessed  by  the  particles  in  the.  liquid  form  now  becomes  kinetic, 
and  the  solid  rises  many  degrees  in  temperature.  This  heat 
which  is  thus  sot  free  as  the  heat  of  solidification  when  a  liquid 
jiasses  into  the  solid  state,  is  tlie  same  in  amount  as  the  heat  that 
was  consumed  as  tlie  heat  of  fusion  when  the  solid  melted. 

253.  Expansion  upon  Freezing — The  Crystalline  Structure 
of  Ice,  The  fact  that  w^ater  expands  as  it  freezes — the  vol- 
ume of  the  ice  being  about  one-eleventh  greater  tiian  that 
of  the  water  before  freezing  took  place — would  seem  to  indicate 
an  error  in  the  statement  that  the  molecules  of  ice  are  closer  to- 
gether than  the  molecules  of  water.  The  explanation,  of  this  ap- 
parent contradiction  lies  in  the  fact  that  ice  is  a  crystalline  body, 
and  tliat  the  molecules  are  joined  to  one  another,  as  it  w^re,  by 
their  corners,  or  poles.  This  may  he  easily  understood  if  we  as- 
sume that  tlie  molecules  are  angular  instead  of  round,  and  that 
the  points  of  attachment  between  them  are  situated  in  these 
angles.  In  the  liquid  state,  while  the  kinetic  energy  of  the  mole- 
cules prevents  a  union  of  the  poles,  we  may  conceive  the  angles 
as  interlocking,  or  fitting  into  one  another,  like  the  cells  in  a 
honeycomb.  Fig.  167,  so  that  the  liquid  occupies  a  relatively 
small  vohune.  On  the  other  hand.  Avhen  solidification  occurs, 
tliat  is.  when  a  polar  union  between  the  molecules  takes  place, 
the  molecules  can  join  one  another,  two  and  two.  only  by  their 
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angular  extremities,  Fig.  168,  and  consequently  an  increase  of 
volume  must  necessarily  accompany  the  decrease  of  potc  tial 
energy  which  thereby  results.  The  illustrations  here  given, 
which  attempt  to  show  how  such  an  arrangement  could  exist, 


Fig.    107.     Fossiblo    ar- 

rangenn'iit     of     the 

molecules    in    watei'. 


Fig.  108.  Po.s.'^ible  ar- 
i-anseiuent  of  the 
molecules   in   ice. 


must  be  regarded,  however,  as  purely  diagrammatic  and  not  at 
all  as  representing  the  actual  molecular  condition. 

As  a  matter  of  fact,  it  is  possible  and,  indeed,  highly  probable 
that  the  water  molecule  is  actually  hexagonal  in  its  polar  attrac- 
tion ;  for  when  a  ray  of  sunlight,  or  the  beam  from  an  electric 
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lantern,  is  sent  through  a  block  of  ice  and  tlie  particles  are  ex- 
amined with  a  microscope,  it  will  be  seen  that  the  ice  is  not  a 
confused  mass  of  solidified  water  particles,  but  consists  of  reg- 
vilar  hexagonal  crystalline  structures  of  remarkable  sjnnmetry 
and  beauty,  Figs.  169  and  170.     These  beautiful  forms,  which 
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are  known  as  the  ice  flowers,  are  individual  crystals  of  ice  wliieli 
have  been  melted  by  the  lieat  of  the  lantern,  ajid  now  exist-  as 
water  masses  of  the  same  delicate  shape  within  the  ice.     The 
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globule  at  the  center  of  each  crystal  does  not  appear  until  the 
crystal  melts,  and  is  not,  as  might  be  supposed,  a  bubble  of  air, 
but  is  a  nearly  perfect  vacuum.     The  water  produced  by  the 
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melted  crystal  must  occupy  a  volume  one  eleveiitli  sinaHer  than 
the  crystal  itself;  and  this  vacuous  space,  filled  only  with  the 
vapor  of  water,  tluis  re]ir('S('iits  flic  diffcn^nce  lictween  th(^  volume 
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of  the  ice  eiystal  before  melting  and  that  of  the  resulting  water. 
Even  greater  regularity  of  formation  is  observed  in  crystals  of 
snow,  Fig.  171,  where  the  exterior  beauty  of  design  is  excelled 
only  by  the  exquisite  tracery  of  the  interior. 

The  molecular  forces  called  into  play  in  forming  these  delicate 
crystalline  structures  are  enormously  great,  as  may  be  seen  in 
the  bursting  of  frozen  Avater  pipes.  The  molecules  of  water  can 
not  pass  into  the  solid,  crystalline  state  without  filling  a  volume 
one-eleventh  greater  than  that  which  the}'  occupied  as  a  liquid^ 
and  so  the  strongest  pipes  are  broken  when  the  w'ater  within 
them  freezes.  Similarly,  a  hollow  cast-iron  sphere,  with  walls 
a  centimeter  or  more  in  thickness,  will  be  broken  in  pieces  when 
tlie  spoonful  of  water  that  fills  its  interior  cavity  is  frozen. 

254.  The  Effect  of  Pressure  upon  the  Melting-  Point.  Sub- 
stances, like  ice,  that  contract  upon  melting,  have  their  melting 
points  lowered  very  slightly  by  pressure.  Melting  consists  Jiot 
only  in  giving  freedom  of  motion  to  the  particles,  but  of  causing 
the  particles  to  occupy  a  volume  smaller  in  the  liquid  state  than . 
in  the  solid.  The  application  of  pressure  to  a  substance  liker  ice 
tends  to  compress  the  molecules  into  smaller  volume,  and  indeed 
does  reduce  the  volume  to  a  very  slight  extent.  Pressure,  there- 
fore, facilitates  the  melting  since  it  tends  to  reduce  the  volume, 
and  hence  it  slightly  lowers  the  melting  point.  It  is  found  that 
for  each  atmosphere  of  added  pressure,  the  melting  point  of  ice 

is  lowered  0.0074°   C,  or  °   C. ;  and  accordingly,  under  a 

135 

pressure  of  135  atmospheres,  the  ice  could  melt  at  a  temperature 
of  — 1°  C. 

Just  as  an  increase  of  pressure  lowers  the  melting  point  of 
ice,  so  also  does  a  decrease  of  pressure  slightly  raise  this  point. 
Accordingly,  ice,  which  melts  at  0°  C.  under  a  pressure  of  1 
atmosphere,  will  not  melt  until  its  temperature  is  raised  to 
-|-  0.0074°  C.  if  the  pressure  is  reduced  to  zero,  that  is,  if  the 
melting  takes  place  in  a  vacuum.  At  the  pressure  of  4.6  milli- 
metei-s  of  mercury,  w^hich  occurs  in  an  experiment  to  be  de- 
scribed later,  the  melting  point  of  ice  is  -f  0.0073°  C. 
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This  lowering  of  the  iiielting  point  of  ice  by  great  pressure 
may  be  illustrated  by  suspending  a  heavy  Aveight  from  a  wire 
thrown  across  a  block  of  ice.  If  the  wire  is  sufficiently  fine,  the 
entire  pressure  due  to  the  Aveight  of  the  suspended  mass  is 
brought  to  bear  upon  the  small  surface  in  contact  with  the  ice. 
This  may  amount  to  as  much  as  100  or  ]  50  kilograms  per  square 
centimeter,  and  a  pressure  as  great  as  135  atmospheres  may 
therefore  be  exerted  between  the,  wire  and  the  ice.  In  this  case 
the  ice  immediately  beneath  the  wire  would  be  able  to  melt  at 
— 1°  C.  because  of  the  great  pressure  to  which  it  is  subjected,  but 
being  at  0°  C,  it  is  above  its  melting  point,  and  therefore  melts. 
The  water  produced  by  the  melting  ice  flows  behind  the  wire  and 
there  freezes.  Accordingly,  with  melting  taking  place  before 
and  freezing  taking  place  behind,  the  wire  in  this  way  passes 
entirely  through  the  block,  leaving  the  ice  as  solid  as  in  its  orig- 
inal condition. 

255.  Revelation.  If  fragments  of  ice  are  placed  in  a  mould 
and  subjected  to  great  pressure,  the  melting  point  is  lowered  by 
the  pressure,  and  a  partial  melting  takes  place.  When  the  pres- 
sure is  relieved,  the  liquefied  ice  solidifies  immediately,  so  that  it  is 
thus  possible  by  pressure  to  mould  fragments  of  ice  into  a  clear, 
crystalline  mass.  Tlie  process  of  forming  a  mass  of  clear,  solid 
ice  from  a  confused  collection  of  fragments,  due  to  the  fact  that 
liquefaction  occurs  when  pressure  is  applied,  is  called  regelation. 
In  making  a  snowl)all,  the  pressure  of  the  hands  cause  a  partial 
melting  of  the  snow  crystals  to  take  place  at  the  angles  and  edges 
where  they  come  in  contact  with  one  another,  and  these  semi- 
fluid crystals  then  solidify  into  a  more  or  less  solid  mass  as  the 
pressure  is  relieved.  In  the  same  way,  two  pieces  of  ice  may  be 
welded  by  pressing  their  edges  tightly  together,  even  though 
this  be  done  under  warm  water. 

A  result  ol)served  in  the  bursting  of  frozen  water  pipes 
beautifully  illustrates  this  lowering  of  the  freezing  point  by 
pressure.  Freezing  cannot  take  place  within  the  pipe  until  the 
water  occupies  a  larger  volume,  and  this  is  prevented  by  the 
rigidity  of  the  metal.  An  enormous  pressure  is  therefore  de- 
veloped and  the  temperature  of  the  water  falls,  possibly  sev- 
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eral  degrees  below  0°  C,  remaining  all  the  while  perfectly  fluid 
until  the  pipe  is  broken.  "When  the  rupture  is  effected,  freezing 
takes  place  at  once,  and  a  tongue  of  ice  protrudes  from  the  open- 
ing. The  ice  thus  thrust  out  shows  that  the  water  had  remained 
liquid  until  the  instant  of  bursting,  and  that  the  enormous  pres- 
sure within  the  pipe  had  lowered  the  freezing  point  probably 
many  degrees.  The  solidification,  which  was  thereby  retarded, 
could  not  take  place  until  the  bursting  of  the  pipe  enabled  the 
water,  in  becoming  ice,  to  occupy  a  larger  volume,  and  then  the 
change  to  the  solid  state  was  accomplished  instantly. 

256.  The  Glacier.  The  lowering  of  the  melting  point  of  ice 
due  to  pressure  is  illustrated  on  a  grand  scale  in  nature  by  the 
movement  of  the  glacier  in  its  slow,  creeping  progress  down  the 
valley.  The  accumulated  snows  of  many  years,  partially  liquefied 
by  the  enormous  pressure  which  the  lower  layers  must  sustain, 
finally  congeal  into  a  mass  of  solid  ice,  having  a  peculiar  granu- 
lar structure  characteristic  of  the  glacier.  Each  individual 
crystal  of  this  ice  must  sustain  the  weight  of  the  overlying 
masses,  and  the  edge,  or  angle,  where  one  crystal  meets  another 
is  really  the  point  at  which  this  pressure  is  brought  to  bear. 
Here  the  melting  point  is  lowered  by  the  pressure,  and  a  minute 
portion  of  the  ice  therefore  melts.  The  water  produced  by  this 
liquefied  ice,  since  it  is  acted  upon  by  gravity,  flows  to  other 
adjacent  and,  in  general,  lower  parts,  where  the  pressure  is  less, 
and  there  it  freezes.  The  pressure,  which  is  thereby  relieved 
at  this  particular  point,  now  develops  elsewhere,  and  here  the 
same  process  is  repeated  with  the  same  result. 

The  downward  movement  of  the  glacier  is  therefore  caused  by 
the  momentary  melting  of  minute  particles  of  the  ice,  followed 
by  an  immediate  re-congealing  of  the  liquefied  portions  as  soon 
as  these  are  urged  by  gravity  and  pressure  to  regions  where  the 
pressure  is  less.  Accordingly,  in  this  way,  by  a  movement  which 
is  infinitessimal  for  any  one  particle,  but  which  is  continuous 
throughout  the  entire  mass  of  ice,  the  glacier  advances  down  the 
valley  often  at  the  rate  of  several  feet  a  day,  winding  in  and  out 
between  the  hills  on  either  side,  and  having  the  appearance  of  a 
slowly-flowing  river  of  a  very  viscous  liquid. 


CHAPTER  XIX. 

VAPOR IZATIOX  AND  CONDENSATION. 

257.  Evaporation.  When  the  molccuhir  collisions  take  place- 
upon  the  interior  of  a  body  of  fluid,  one  particle  in  encountering 
another,  may  give  to  that  other  a  portion  of  its  energy,  and  have 
its  ovn  kinetic  energy  decreased.  Inasmuch,  as  the  second  par- 
ticle gains  in  energy  as  much  as  the  flrst  one  loses,  the  total 
kinetic  energy,  and  therefore  the  temperature  of  the  fluid,  re- 
mains unchanged. 

This,  however,  is  not  the  case  when  these  molecular  bombard- 
ments take  iDlace  at  the  surface  of  a  liquid.  A  particle  at  the  sur- 
face may  be  struck  by  a  i)article  directly  beneath,  and  if  the  blow 
is  sufficiently  great,  this  surface  particle  may  be  projected  to  such 
a  distance  from  the  body  of  the  liquid  that  the  bonds  that  bind 
together  the  molecules  of  a  liquid  may  be  broken,  and  this  little 
surface  particle  may  now  wander  about  in  the  space  aliove  the 
liquid.  The  same  process  may  lie  repeated  with  other  particles, 
and  soon  the  space  above  the  surface  is  filled  Avitli  molecules  that 
were  formerly  a  part  of  the  body  of  the  liquid,  but  now  are 
separated  so  far  from  one  another  that  there  is  only  an  extremely 
Avp'ak  molecular  force  acting  between  them,  and  they  now  exist  in 
the  state  of  a  gas  or  va])0]'.    This  process  is  known  as  evaporation. 

Evaporation,  therefore,  is  the  gradual  process  of  passing  from 
the  liquid  to  the  gaseous  state  by  the  projection  of  particles  from 
the  liquid  surface  into  the  space  above  the  surface.  It  is  to  be 
observed  that  the  particles  thus  torn  away  must  possess  a  kinetic 
energy  greater  than  that  of  the  average  particle,  since  they  carry 
with  them  a  ])ortion  of  the  energy  of  the  particles  that  collide 
with  them.  That  is.  the  interior  particles,  thus  colliding  Avith 
those  on  the  surface,  give  to  the  latter  a  portion  of  their  own 
energy,  while  they  themselves  remain  in  the  liquid.  The  par- 
ticles leaving  the  surface  therefore  carrv  with  them  kinetic  en- 
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ergy  ^vhi('ll  forincrlx-  Ix'loiigvJ  to  tliose  that  still  remain  in  the 
liquid,  hence  the  liqnid  falls  in  temperature.  This  explains  why 
it  is  that  evaporation  is  a  cooling  process.  If  external  heat  is 
applied  to  the  liqnid,  whereby  its  temperature  is  raised,  the  ki- 
netic energy  of  its  molecules  is  increased,  a  larger  number  of 
particles  will  then  be  projected  from  the  liquid  surface  in  a 
given  time,  and  evaporation  takes  place  more  rapidly  at  the 
higher  temperature. 

Since  the  molecules  of  all  bodies  are  in  motion,  many  solids 
'nntlergo  a  very  slow  process  of  evaporation  so,  that  even  a  body 
like  ice  very  gradually  evaporates.  The  clothes  on  the  line  are 
'Often  said  to  "freeze  dr^^" 

258.  Vapor  Tension — Boiling-.  Nearly  all  li(|uids  in  contact 
•with  the  atmosphere  dissolve  the  air  to  a  greater  or  less  extent, 
:S0  that  frequently  air  in  large  quantities  exists  in  the  form  of 
tiny,  microscopic  bubbles  distributed  through  the  body  of  the 
liquid.  If  the  process  of  evaporation  takes  place  at  the  surface 
of  these  bubbles.  Fig.  172.  the  interior  of  a  little  bubble  is  then 

filled  with  particles  of  vapor  that  col- 
lide with  one  another  and  strike 
against  its  liquid  walls.  These  impacts 
against  the  walls  of  the  little  bubble 
produce  a  pressure  which  is  known  as 
ihf  vapor  tension. 

Tlie  vapor  tension  becomes  greater 
as   the    temperature    of   the   liquid   is 
raised,  and  the  kinetic  energy  of  the 
jiarticles  of  the  vapor  in  the  bubble  is 
increased.     At  a  certain  temperature 
the   pressure   within   the   little   bubble 
becomes  equal  to  the  atmospheric  pres- 
sure without,  the  bubble  then  increases 
enormously  in   size,   and.   in   rising  to 
the  surface,  produces  the  phenomenon 
known   as  boiling.      Boiling,   therefore,    is  the   phenomenon    of 
evaporation  taking  place  beneath  the  surface  of  a  liquid,  where- 
.bv  bubbles  of  the  vapor  rise  through  the  liquid  to  tlie  surface. 


]7:^.       'I'lH^     cnii!- 
vapor    tension. 


BOILING.  277 

l^oiliug,  however,  Cfiiiiiot  take  plaee  until  the  temperature  rises 
to  such  a  degree  that  the  pressure  of  the  vapor,  or  the  vapor 
tension,  at  that  temperature,  is  equal  to  the  external  pressure; 
for  at  a  lower  temperature  the  vapor  tension  is  less,  hence  the 
external  pressure,  crushes  the  little  bubble  of  vapor  about  to 
form,  ami  prevents  it  from  i-ising  to  tlu;  surface.  Accordingly, 
the  boiling-  i)oint  of  a  liquid  may  ))e  defined  as_tlie  temperature 
at_ which  the  vapor  tensioij_.of  the  liquid  is  equal,  to  the^  atmos- 
plieri^jpn^ure.  An  increase  of  external  pressure  raises  the 
boiling  point,  while  a  decrease  of  pressure  lowers  it. 

The  lowering  of  the  boiling  point  due  to  a  decrease  of  pressure 
may  be  illustrated  l)y  removing  from  tlie  flame  a  flask  of  boiling 
water  and  corking  it  immediately,  after  which  the  pressure  of 
the  vapor  upon  the  surface  of  the  Avater  quickly  j^revents  further 
boiling.  If  cold  water  is  now  poured  upon  tlie  flask,  the  vapor 
Avill  be  condensed,  and,  the  pressure  being  thus  diminished,  the 
water  boils  furiousl.v.  By  thus  condensing  the  vapor  by  pouring 
on  cold  water,  the  water  within  the  flask  may  be  made  to  boil 
until  it  falls  to  a  temperature  but  little  above  that  of  the  room. 

259.  Explosive  Boiling — Bumping.  It  has  l)een  setn  tliat 
the  process  of  evaporation  may  take  i)lace  from  a  liquid  into  the 
little  air  l)ubbles  dissolved  in  the  liquid  as  well  as  from  the  free 
upper  surface.  The  particles  of  vapor,  as  they  fly  about  within 
tliis  little  l)ubl)le,  exert  a  pressure,  or  tension,  upon  its  sides,  so 
that  the  bub])le  tends  to  expand.  If,  however,  the  external  pres- 
sure is  greater  than  the  vapor  tension  of  the  liquid  at  that  tem- 
perature, the  l)ubble  is  i^revented  from  increasing  in  size  and 
rising  to  the  surface.  As  soon,  liowever,  as  the  temperature  rises 
to  tlie  point  at  wliich  tlie  vapor  tension  is  equal  to  the  external 
pressure  upon  the  liquid,  the  little  bubl)le  increases  in  size,  more 
liquid  eva])orates  into  it.  the  Inibble  of  vapor  rises  through  thft 
liquid,  and  the  licpiid  boils. 

If  a  li(|ni(l  that  does  not  contain  dissolve(l  air  is  used,  or  if 
water  is  boiled  until  all  its  dissolved  air  has  been  carried  away 
with  the  bubbles  of  vapor,  that  is.  until  all  the-  air  has  1)een 
"boiled  out.""  there  is  then  no  littl(>  cavity  to  act  as  the  nucleus 
of  a  bubbl(>  of  va]>(ir.  into  which  tht^  pai'tieles  of  the  vapor  may 
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be  projected,  and  as  a  consequence  no  bubble  of  vapor  forms. 
The  energy  supplied  by  the  source  of  heat  then  remains  in  the 
water,  and  the  temperature  rises  far  above  the  boiling  point. 
'The  vapor  tension  increases  at  the  same  time,  until  finally,  when 
from  some  cause  a  bul^ble  of  vapor  does  form,  vapor  will  be  pro- 
.jected  into  tliis  l)ubble  witli  great  rapidity,  and  the  water  boils 
with  explosive  violence.  In  this  way  boiler  explosions  are  often 
explained. 

This  violent  production  of  vapor  is  observed  in  a  vessel  of 
water  that  has  been  boiling  for  some  time,  and  produces  the 
phenomenon  known  as  "bumping."  If  a  piece  of  pumice  stone 
is  dropped  into  the  water  when  this  effect  occurs,  the  air  con- 
tained in  the  pumice  stone  furnishes  centers  about  which  bubbles 
of  vapor  may  form,  and  the  boiling  becomes  normal  at  once.  A 
small  piece  of  platinum  wire,  wliich  absorbs  large  quantities  of 
air.  produces  the  same  effect. 

260.  The  Heat  of  Vaporization.  When  heat  is  applied  to  a. 
li(iuid,  the  temperature  rises  until  the  boiling  i)oint  for  that 
pressure  is  reached,  and  at  this  point  the  temperature  remains 
perfectly  constant  until  the  liquid  is  entirely  boiled  away.  If 
more  heat  is  supplied,  the  liquid  boils  harder.  Init  the  tempera- 
ture remains  constant.  After  the  boiling  point  is  reached,  part 
of  tlie  energy  supplied  to  tlie  liquid  is  consumed  in  doing  in- 
ternal work  in  separating  the  molecules  from  one  another  as 
they  leave  the  liquid  to  form  the  vapor,  and  part  is  expended  in 
doing  external  work  in  pushing  l)ack  the  atmosphere  when  the 
smaller  liquid  volume  changes  to  the  larger  gaseous  one.  Under 
normal  conditions  steam  occupies  a  volume  about  1,700  times  as 
great  as  the  volume  of  the  water  from  which  it  was  produced. 
Hence  the  heat  supplied  to  water  after  boiling  has  begun  is  con- 
sumed partly  in  doing  internal  work,  that  is,  in  tearing  apart 
the  molecules  of  water  and  giving  them  a  potential  energy  as 
steam  which  they  did  not  possess  as  water,  and  partly  also,  in 
doing  external  work  in  pushing  back  .the  atmosi)here  to  make 
room  for  this  very  greatly  increased  volume  of  vapor. 

The  molecular  bonds  which  must  here  be  ruptured  are  very 
strong  indeed,  and  a  large  amount  of  heat  must  he  applied  tc 
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change  Avater  from  water  at  100°  C,  to  steam  at  100°  C.  Indeed, 
for  every  kilogram  of  water  passing  from  water  at  100°  C,  to 
steam  at  100°  C,  537  calories  of  heat  must  be  supplied.  These 
537  calories  of  heat  are  not  consumed  in  raising  the  temperature, 
for  the  temperature  of  the  resulting  steam  is  no  higher  than  that 
of  the  boiling  water.  This  large  amount  of  heat  exists  in  the 
steam  in  the  form  of  the  potential  energy  of  its  particles,  so  that 
the  energy  in  a  kilogram  of  steam  at  100°  C.  is  greater  than  that 
in  a  kilogram  of  water  at  the  same  temperature  by  an  amount 
equal  to  537  calories.  The  heat  per  kilogram  of  liquid  which  thus 
disappears  in  the  passage  from  the  liquid  into  the  gaseous  state, 
and  Avhich  is  called  the  heat  of  vaporization,  must  on  no  account 
be  called  "latent",  for  it  is  in  no  way  hidden  within  the  liquid. 
It  has,  indeed,  been  expended  in  doing  external  and  internal 
work,  and  still  exists,  not  as  heat,  but  as  potential  energy,  in  the 
particles  of  the  vapor. 

261.  The  Laws  of  Ebulition.  The  laws  according  to  which 
boiling  takes  place  are  five  in  number,  as  follows: 

1.  Every  liquid  boils  at  a  temperature  which  is  constant  for 
that  liquid  under  similar  conditions  and  pressure. 

2.  An  increase  of  pressure  raises  the  boiling  point,  and  a 
decrease  of  pressure  lowers  it. 

3.  The  boiling  point  is  raised  by  salts  and  other  solids  dis- 
solved in  the  liquid. 

4.  After  boiling  begins,  the  temperature  remains  perfectly 
constant  until  the  liquid  is  entirely  boiled  away. 

5.  A  definite  quantity  of  heat  per  kilogram  of  liquid  is  required 
to  change  a  liquid  into  the  state  of  vapor. 

262.  The  Heat  of  Condensation.  It  is  most  interestiug  to 
examine  the  converse  of  the  process  of  evaporation,  and  to  con- 
sider the  phenomenon  of  the  condensation  of  a  vapor.  If  a 
quantity  of  steam  is  cooled,  that  is,  if  energy  in  the  form  of  heat 
is  withdrawn  from  steam  at  100°  C,  the  particles  arc  then  able 
to  approach  so  near  to  one  another  that  the  molecular  forces  that 
bind  particle  to  particle  and  form  a  liquid  can  act.  The  parti- 
cles of  steam,  hitherto  separated  from  one  another,  noAv  rush 
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together,  forming  the  more  stable  compound  Avater,  and  the 
potential  energy  possessed  by  the  molecules  as  steam  now  be- 
comes kinetic,  and  is  consumed  in  warming  the  remainder  of  the 
steam,  and  the  surrounding  air.  For  every  kilogram  of  steam 
thus  condensed  from  steam  at  100°  C.  to  water  at  100°  C,  537 
calories  of  heat  are  therefore  ' '  set  free ' ',  that  is,  this  amount  of 
energy  passes  from  the  form  of  the  potential  energy  of  the  par- 
ticles of  steam,  to  the  form  of  the  kinetic  energy  of  the  i)artieles 
of  the  surrounding  objects  which  are  thereby  raised  in  tempera- 
ture. 

It  is  by  means  of  this  heat,  which  is  called  the  heat  of  condens- 
ation, that  modern  steam-heated  buildings  are  warmed.  The 
water  condensed  in  the  radiator  flows  hack  through  the  same 
pipe  that  carries  the  steam,  hence  both  water  and  steam  are  at 
the  same  temperature.  AVhen  the  steam  condenses  into  water, 
the  potential  energy  of  its  molecules  is  transformed  into  the 
kinetic  energy  of  the  particles  of  the  radiator,  537  calories 
of  heat  being  thus  communicated  to  the  radiator  for  every  kilo- 
gram of  steam  that  condenses,  and  this  is  the  heat  that  is  e1¥ect- 
ive  in  warming  the  building.  The  heat  of  condensation,  there- 
fore, which  now  appears  as  molecular  kinetic  energy,  is  thus 
identical  in  amount  with  the  heat  of  vaporization  whicli  was 
added  to  tlie  water  to  volatilize  it,  and  which  has  remained  in 
.the  steam,  not  as  heat,  but  in  the  form  of  the  added  potential 
energj'  of  tlie  molecules. 

263.  The  Freezing  of  Water  by  Its  Own  Evaporation.  A 
most  interesting  experiment,  illustrative  of  tlie  fact  that  evap- 
oration is  a  cooling  process,  is  the  freezing  of  water  by  its  own 
evaporation.  We  have  seen,  (p.  276),  that  a  liquid  will  boil 
at  any  temperature,  that  is,  that  bubbles  of  vapor  will  form  with- 
in the  liquid  and  Avill  rise  to  the  surface,  when  the  pressure  upon 
the  liquid  does  not  exceed  the  tension,  or  pressure,  which  the 
vapor  exerts  in  the  tiny  air  bubbles  dissolved  in  the  liquid. 
Accordingly,  if  a  small  quantity  of  Avater  is  placed  under  the 
receiver  of  an  air  pump  and  the  exhaustion  of  the  air  is  begun, 
the  pressure  soon  falls  to  a  value  equal  to  the  pressure  of  the 
water  vapor  at  that  temperature,  and  the  water  boils.  Each 
particle  of  the  vapor,  however,  as  it  leaves  the  water  surface, 
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carries  with  it  a  portion  of  the  energy  whieh  the  Mater  originally 
contained:  and.  as  all  flow  of  heat  to  the  liqnid  is  carefully 
eliminated,  the  "svater,  as  it  boils,  loses  in  energy  and  rapidly 
falls  in  temperature. 

If  the  pressure  is  reduced  as  low  as  4.G  millimeters  of  mercury, 
this  process  of  boiling  and  consequent  cooling  continues  until 
the  temperature  +  0.0073°  C.  is  reached,  Miiieh  (p.  272)  is 
the  temperature  at  which  ice  melts  at  this  low  pressure,  and 
therefore  the  temperature  at  which  water  freezes  under  this 
same  pressure.  In  other  words,  at  the  pressure  of  4.6  milli- 
meters of  mercury  and  at  the  temperature  of  +  0.0073°  C,  the 
boiling  point  and  the  freezing  point  of  water  fall  together.  The 
slightest  reduction  in  pressure  below  this  amount  will  cause  the 
Avater  to  boil ;  and,  as  this  boiling  water  is  also  at  its  freezing 
point,  the  further  loss  of  energy  due  to  the  lioiling  Avill  cause  it 
likewise  to  freeze,  and  the  water  freezes  even  Avhile  it  boils. 

In  order  that  Avater  may  boil  at  the  temperature  at  Avhicli  it 
freezes,  it  is  obvious  that  the  external  pressure  upon  it  must  not 
be  greater  than  the  vapor  tension  of  the  Avater  at  this  tempera- 
ture, AAdiich  is  4.6  millimeters  of  mercury.  In  a  vacuum,  hoAV- 
ever,  the  cA'aporation  is  so  great  that  the  vapor  is  formed  more 
rapidly  than  it  can  be  removed  by  the  pump,  so  that  the  pressure 
of  the  vapor  soon  prevents  further  boiling.  It  is  therefore 
necessary  to  remove  this  vapor  by  other  means,  and  this  may  best 
be  accomplished  by  absorbing  it  Avith  sulphuric  acid.  Accordingly, 
the  capsule,  or  Avatch  glass,  containing  the  Avatcr  to  be  frozen  is 
supported  innnediatcly  above  a  broad,  flat  dish  containing  strong 
sulphuric  acid.  The  acid,  by  its  affinity  for  Avatcr,  absorbs  the 
Avater  vapor  as  quickly  as  formed,  thus  leaving  the  air  to  ho  re- 
moved by  the  pump. 

As  the  exlianstion  of  the  air  proceeds,  continued  l^oiling.  Avith 
consequent  cooling,  takes  place,  until,  at  the  pressure  of  4.6  milli- 
meters of  mercury,  tlie  temperature  +  0.0073°  C.  is  reached. 
This  is  the  pressure  and  this  the  temperature  at  Avhich  Avater, 
Avater  vapor,  and  ice  can  exist  in  ('(luilibrium  with  one  another: 
that  is.  at  this  point  no  one  of  these  three  states  in  Avhich  Avater 
can  exist  Avill  inci-ease  at  the  expense  of  the  others,  so  that  this 
point  is  knoAvn  as  the  triple  point.  At  a  pressure  beloAV  that  of  the 
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triple  point,  boilins:  and  freezing  proceed  at  the  same  time,  until 
the  water  is  entirely  solidified. 

264.  The  Geyser.  The  action  of  the  geyser  is  a  beautiful  il- 
lustration of  the  principle  that  the  boiling  point  of  a  liquid  in- 
creases  with  the  pressure.  The  geyser  consists  of  a  cavity  in  the 
earth  filled  with  water  and  heated  at  the  bottom.  At  the  sur- 
face the  water  is  at  atmospheric  pressure,  and  at  each  point 
within  the  gej^ser  the  pressure  is  greater  than  one  atmosphere 
by  the  weight  due  to  the  column  of  water  above  it.  The  pres- 
sure upon  each  particle  of  water  within  the  geyser,  therefore, 
is  proportional  to  the  depth  of  that  particle  below  the  surface. 
Since  the  boiling  point  depends  upon  the  pressure,  the  boiling 
point  is  higher  at  points  far  down  within  the  geyser  than  at 
points  nearer  the  surface;  that  is,  the  deeper  the  point  within 
the  geyser,  the  higher  must  be  the  temperature  of  the  water  at 
that  point  before  boiling  can  begin. 

Aceordingl}',  if  the  water  throughout  the  geyser  had  a  luiiform 
temperature  of  100°  C,  boiling  would  take  place  at  the  surface, 
but  could  not  take  place  in  the  interior.  The  internal  heat 
of  the  earth,  therefore,  raises  the  temperature  of  the  water  in 
the  geyser  until  the  water  at  the  surface  is  100°  C,  and  that  be- 
low the  surface  is  at  a  temperature  higher  than  100°  C.  in  pro- 
portion to  the  depth  of  the  water  below  the  surface.  That  is,  the 
water  at  each  point  within  the  geyser  is  heated  to  the  temper- 
ature just  below  that  at  which  it  can  boil  under  the  pressure  ex- 
isting at  that  point.  Accordingly,  at  the  instant  before  the 
eruption  takes  place,  every  particle  of  water  within  the  entire 
column  is  just  on  the  point  of  boiling,  but  it  cannot  boil  because 
the  vapor  pressure  at  any  point  is  just  a  little  less  than  the  total 
pressure  to  which  the  water  at  that  point  is  subjected.  A  mo- 
ment later,  however,  more  heat  passes  into  the  column  of  water 
from  below,  thus  increasing  the  vapor  tension  of  the  water  at 
the  bottom  to  such  an  extent  that  this  is  equal  to  the  pressure 
already  existing  at  the  bottom,  and  therefore  a  bubble  of  vapor 
forms. 

This  bubble  of  vapor,  forming  at  the  bottom  of  the  geyser, 
lifts  the  entire  column  of  water  Avithin  the  tube.    A  little  water 
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runs  oxer  at  the  to]),  and  tliis  causes  the  pi'i'ssuv(^  ui)on  every 
particle  of  water  witliin  the  column  to  be  less  than  it  was  l)efore. 
The  water  at  each  point,  however,  was  just  at  its  boiling  point 
at  the  pressure  nnch'r  wliich  it  existed.  The  pressure  now 
being  somewhat  lessened,  a  l)ubble  of  vapor  can  form  at 
each  point,  that  is,  l)oiling  can  take  place  throughout  the  en- 
tire mass  of  Avater.  Ilenee,  at  one  moment  the  gej^ser  is 
cpiieseent,  and  th(»  next  moment  when  tlie  first  bubble  of  vapor 
forms  at  tlie  bottom,  the  pressure  is  relieved  at  every  point  of 
tlie  liquid  throughout  the  geyser,  and  every  drop  of  water  in  the 
tube  1)ursts  into  l)oiling. 

The  heat  which  raised  the 
temperature  of  the  water 
a1)ove  100°  C.  is  now  expended 
in  producing  a  rapid  evapora- 
tion of  the  water  during  the 
instant  of  eruption,  and  the 
water  falls  back  again  into  the 
tube  at  the  uniform  tempera- 
ture of  ]nO°  C.  throughout. 
After  an  interval  of  time  has 
elapsed  sufficient  to  enable  tho 
water  at  each  point  again  to 
be  raised  to  the  boiling  point 
at  that  pressure,  another  erup- 
tion takes  plaee.  in  which  the 
above  process  is  repeated,  and 
the  spouting  of  the  geyser  be- 
comes perfectly  periodic. 

The  action  of  the  natural 
geyser,  as  well  as  the  distribu 
tion  of  temperatures  through- 
out its  length,  may  be  most 
advantageously  studied  by  means  of  an  artificial  one.  Fig.  173. 
consisting  of  a  slicet  iron  tube  filled  with  water,  and  a  source  of 
heat  at  the  bottom. 

265.  The   Spheroidal   State.     AVheu    drops   of   a   liipiid   are 

])hiced    n])on    a    highly    heated    surface,    as.    for    in.stauce.    when 
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water  is  spilled  upon  a  red-hot  stove,  it  is  observed  that  the 
liquid  gathers  itself  into  little  globules  which  dart  about  over 
the  heated  surface  without  boiling.  This  phenomenon  i.s  due 
to  the  fact  that  the  liquid  is  not  in  contact  with  the  heated  metal 
beneath,  Init  rests  upon  a  little  cushion  of  its  own  vapor.  That 
this  is  so  may  be  sliovvn  by  sending  a  ray  of  light  parallel  to  the 
heated  surface,  when  it  will  be  seen  that  a  small  space  separates 
the  liquid  drop  from  the  metal,  Fig.  17-4.  ^Moreover,  the  )'apid 
evaporation  from  tlie  surface  of  the  drop  carries  away  heat  from 

the  liquid  so  rapidly 

that  the  temperature 

■/MY/^^j^'        "  -^^^^^  of  the  liquid  forming 

^    ,.    .,   .     ^,        ,      ..,,,,  the  drop  does  not  rise 

Ji':     1i4.      A    liquid    in    the    spheroidal    state.  ^ 

to  100°  C. 
AVhen  the  liquid  is  in  this  condition,  it  is  said  to  be  in- the 
spheroidal  state.  In  the  spheroidal  state,  theivfore.  a  lir(ind  is 
below  its  boiling  point,  and  is  not  in  contact  witli  tlie  containing 
vessel,  but  is  separated  from  it  l)y  a  delicate  film,  or  cushion,  of 
the  vai)or.  This  condition  may  be  brought  about  only  when  the 
temperature  of  the  vessel  containing  the  liquid  is  very  much 
al)ove  tliat  at  Avliicli  the  liquid  l)oils.  In  consequence, 
therefore,  of  tlie  extremely  high  temperature  of  the  sur- 
face upon  which  the  drop  rests,  and  the  exceedingly  small  dis- 
tance that  separates  tlie  two,'  evaporation  takes  i)lace  with  enor- 
mous rapidity,  particularly  from, the  lower  surface,  and  the 
volume  of  the  liquid  becomes  rapidly  less.  So  violent  is  the  force 
Avith  which  the  particles  of  vapor  are  projected  from  the  lower 
surface  of  the  globule,  where  it  is  nearest  the  heated  surface, 
that  tlie  reaction  of  this  force  is  sufficient  to  support  the  glo])ule. 
The  spheroid,  therefore,  hangs,  as  it  were,  in  equilibrium  be- 
tAveen  the  downward  force  due  to  its  weight  and  the  upward 
force  due  to  the  reaction  of  the  vapor  particles  as  these  are  pro- 
jected from  its  lower  surface. 

266,  Solid  Carbonic  Acid  Gas.  Altlidugh  under  ordinary 
conditions  carbonic  acid  is  a  gas,  it  may  be  liquefied  by  the  ap- 
plication of  very  great  pressure,  and  may  be  obtained  comraer- 
ciallv  in  tliis  form   in  the  heavy  steel  cylinders  in   which   it  is 
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tlius  roiupi'csscd.  At  ordinary  room  tcnipcralures.  the  liquid  ex- 
ists in  these  eyliuders  under  a  pressure  of  about  GO  atmospheres, 
Avliieli  is  its  vapor  tension  at  this  temperature,  and  so,  Avhen  the 
valve  elosiug:  such  a  eyliiuh'r  is  oi)ened,  the  lii|uid  gas  rushes 
out  ^vith  great  force. 

Ill  tlie  air.  the  liciuid  stream  encounters  a  i)ressure  of  only 
one  atinos])here ;  and,  as  the  gas  could  lioil  at  any  pressure  less 
tlian  60  atmosi)heres.  l)oiling  and  evaporation  take  place  most 
energetically  under  this  greatly  reduced  pressure.  Inasmuch  as 
no  source  of  energy  is  present  except  the  heat  contained  in  the 
acid,  the  energy  necessary  to  effect  this  rapid  evaporation  is  taken 
from  the  heat  contained  in  the  liquid  itself,  and  the  stream  of 
tlic  lifpiid  acid  falls  instantly  and  enormously  in  temperature. 
If  the  cylinder  of  gas  had  heen  opened  in  a  region  where  the 
pressure  Avere  5  atmospheres  instead  of  1.  the  boiling  ~and  the 
evaporation,  togetlier  with  the  consequent  cooling,  would  have 
taken  place  until  the  temperature  of  the  gas  had  fallen  to  — 57° 
C.  A  condition  of  equilibrium  would  then  have  occurred  in 
Avliich  the  liquid  would  have  remained  in  contact  with  its  over- 
lying vapor  without  further  boiling.  Moreover,  if  a  quantity 
of  the  congealed  gas  at  the  same  time  temperature  had  then  been 
introduced  into  the  liquid,  this  solid  gas  would  have  remained 
unclianged  and  without  effect  in  the  liquid,  that  is,  without  melt- 
ing and  without  causing  a  further  solidification  of  the  liquid 
gas. 

Accordingly,  at  tliis  temperature  and  pressure,  the  three 
states  of  this  gas  tlie  solid,  the  liquid,  and  the  gaseous,  can  exist 
in  contact  with  one  another  without  causing  an  increase  of  any 
one  at  the  expense  of  the  other  two.  The  equilibrium  condition 
thus  determined  by  the  pressure  of  5  atmospheres  and  the  tem- 
perature of  — 57°  C.  is  known  as  the  triple  point  for  carbonic 
acid,  and  is  tlie  condition  under  Avhich  the  boiling  point  and  the 
freezing  point  of  tliis  gas  fall  togetlier.  If  the  pressure  is  in- 
creased above  tills  amount.  th<>  solid  Avill  melt,  while,  if  tlie  pres- 
sure is  reduced  Ix'low  this  ])oipt.  the  li(|uid  will  boil  at  the  ex- 
pense of  the  heat  Avhich  it  contains;  and  as  energy  is  thus  with- 
•drawn  from  this  liquid  at  its  freezing  point,  the  gas  will  solidify. 
Application   of  these  principles  may  be   found   in  the  with- 
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drawal  of  carbonic  acid  at  atmospheric  pressure  from  the  steel 
cylinders  above  mentioned.  If  the  liquefied  gas  at  the  temper- 
ature of  the  room  is  released  from  a  cylinder  where  the  pressure 
is  60  atmospheres,  and  collects  in  a  vessel  in  the  open  air,  where 
the  pressure  is  1  atmosphere,  the  gas  is  enormously  above  its 
triple  point  in  temperature  and  below  this  point  in  pressure, 
hence  rapid  and  violent  boiling,  evaporation,  and  cooling  take 
place,  until  the  liquid  falls  to  the  temperature  of  — 57°  C.  This, 
however,  is  the  temperature  at  which,  under  a  pressure  of  5  at- 
mospheres, the  boiling  point  and  the  freezing  point  of  this  gas 
fall  together;  but,  as  the  gas  is  under  a  pressure  of  only  1  at- 
mosphere, the  process  of  boiling  and  further  withdrawal  of  en- 
ergy continues  until  the  liquid  is  entirely  frozen. 

Even  at  this  low  temperature  the  noAv  solidified  gas  is  far  re- 
moved from  the  absolute  zero,  hence  its  molecules  possess  still  a 
large  amount  of  kinetic  energ.y.  Therefore,  at  any  pressure  less 
than  5  atmospheres,  the  solid  gas  will  evaporate,  and  will  do  so 
at  the  expense  of  the  kinetic  energy  of  its  molecules.  Its  tem- 
perature thus  falls;  and,  as  evaporation  continues,  further  en- 
ergy is  carried  away  from  the  solid  gas,  until,  at  atmospheric 
pressure,  its  temperature  sinks  to  — 79°  C. 

This  solid  carbonic  acid  gas,  which  in  many  respects  resem- 
bles snow,  will  remain  for  some  time  in  the  air,  until  the  rapid 
evaporation  which  takes  place  from  its  surface  finally  reduces 
the  substance  to  the  gaseous  state.  Indeed,  it  is  this  rapid  evap- 
oration which  is  continually  taking  place  that  maintains  the 
temperature  of  the  solid  gas  at  — 79°  C.  On  account  of  the 
evaporation,  it  is  impossible  to  raise  its  temperature  at  atmos- 
pheric pressure ;  for,  if  the  attempt  were  made  to  heat  it,  the 
energy,  which  would  then  be  added,  would  simply  increase  the 
evaporation,  and  the  temperature  of  the  solid  gas  would  remain 
the  same. 

It  is  interesting  to  observe  that  this  solid  gas  does  not  touch 
the  table  or  other  object  upon  which  it  may  rest,  since 
it  is  surrounded  by  a  film  of  the  vapor,  produced  by  the  rapid 
evaporation  which  is  constantly  taking  place  all  a1)out  it.  Al- 
though the  temperature  of  this  solid  is  — 79°  C,  it  may  never- 
theless be  handled  with  impunity,  inasmuch  as  the  hand  does  not 
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come  in  contact  with  the  solid,  because  it  is  prevented  by  this 
thin  layer,  or  cushion,  of  vapor.  If,  however,  this  film  of  vapor 
were  pressed  out,  so  that  the  fingers  were  actually  to  touch  the 
solid,  the  intense  cold  would  then  produce  a  frozen  spot,  resem- 
bling a  burn. 

It  is  partly  because  of  this  vaporous  envelope  that  solid  car- 
bonic acid  gas  is  a  poor  conductor  of  heat.  For  the  same  reason, 
objects  surrounded  by  this  white,  snow-like  material  do  not  come 
into  direct  contact  with  the  substance  itself,  anc^  so  are  not 
readily  cooled  to  its  temperature.  Alcohol  or  ether,  when  poured 
upon  the  gas,  wet  it,  thereby  displacing  the  vaporous  layer 
around  the  particles,  and  forming  a  better  contact  between  the 
gas  and  objects  imbedded  in  it.  As  these  liquids  are  soon 
brought  to  the  temperature  of  the  gas  without  forming  a  chem- 
ical union  with  it,  objects  which  are  immersed  in  this  pasty 
mass  quickly  assume  the  temperature  of  the  gas  itself.  In 
this  way  mercury,  which  solidifies  at  —  39°  C,  if  placed  in  a 
metallic  capsule  and  surrounded  by  this  semi-fluid  mixture,  may 
be  readily  frozen,  although  the  platinum  crucible,  in  which  the 
whole  is  contained,  may  be  heated  red-hot  in  the  flame  of  a  blast 
lamp. 

267.  Saturated  Vapor.  If  the  space  above  the  surface  of  a 
liquid  is  enclosed,  evaporation  will  take  place  in  the  manner  de- 
scribed (p.  275),  until  the  molecules  gather  in  great  iiumbers 
in  this  closed  region.  These  particles  of  vapor  behave  in  every 
respect  like  the  molecules  of  a  gas,  and  collide  with  one  another 
and  strike  against  the  walls  of  the  vessel,  thereby  causing  a 
pressure.  Because  of  these  molecular  collisions,  it  often  hap- 
pens that  one  particle,  in  colliding  with  another,  projects  the 
latter  back  again  into  the  liquid  from  which  it  originally  came. 
When  'just  as  many  particles  tlius  retitrn  to  the  liquid  as  leave 
it,  a  condition  of  equilibrium  is  reached,  and  the  vapor  is  said 
to  he  saturated.  A  saturated  vapor  can  be  formed  only  in  a 
closed  space  above  a  liquid,  because,  if  this  region  were  open, 
difFusion  a)id  currents  of  air  would  rapidh^  enrry  away  the 
vapor.  A  closed  space  al)ove  a  liquid  surface,  therefore,  is  al- 
Avays  filled  with  the  saturated  vapor  of  the  liquid  at  that  tem- 
perature. 
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As  long  as  the  vapor  in  this  space  is  not  saturated,  the  vapor 
pressure,  or  tension,  increases  as  evaporation  continues.  When, 
however,  the  vapor  is  saturated,  tJtis  saturated  vapor  exerts  a 
perfccthj  definite  pressure,  vjliieh  is  known  as  the  pressure,  or 
tension,  of  the  saturaieel  vapor  for  that  particular  temperature. 
If  the  temperature  of  the  liquid  is  raised,  more  of  the  liquid  will 
evaporate  into  the  closed  space,  the  kinetic  energy  of  the  mole- 
cules will  likewise  increase,  and  the  pressure  of  the  vapor  will 
increase.  The  pressure  of  the  saturated  vapor,  accordingly,  de- 
pends wholly  upon  the  nature  of  the  liquid  and  upon  the  tem- 
perature to  which  it  is  raised,  and  not  at  all  upon  the  extent  of 
the  space  which  is  filled  with  the  vapor.  The  pressure  of  water 
vapor  at  100°  C,  is  exactly  one  atmosphere,  hecause,  when  water 
boils,  the  particles  of  the  water  vapor  must  push  back  the  at- 
mosphere, and  hence  must  exert  a  pressure  just  equal  to  the 
atmospheric  pressure.  In  general,  the  maximum  pressure  of 
a  saturated  vapor  at  any  temperature  is  the  pressure  at  7vhich 
the  liquid  will  hoil  at  that  temperature. 

268.  The  Pressure  Exerted  by  a  Saturated  Vapor.  The  fact 
that  the  pressure  produced  by  the  saturated  vapor  of  one  liquid 
is  different  from  that  produced  by  the  saturated  vapor  of  an- 
other liquid  at  the  same  temperature  may  be  illustrated  by  pro- 
viding three  barometer  tubes,  Fig.  175,  and  introducing  into  the 

first  a  few  drops  of 
water,  into  the  sec- 
ond a  few  drops  of 
alcohol,  and  into  the 
third  a  few  drops  of 
ether.  Each  of  these 
liquids  rises  to  the  top 
of  its  mercury  col- 
umn, and  there  evap- 
orates very  rapidly 
into  the  Torricellian 
vacuum.  If,  then,  a 
small  drop  of  the  liq- 
uid     remains      above 
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the  niereuiy  column,  the  space  above  is  filled  with  the  saturated 
v;ipor  of  tliat  liquid.  The  column  containing  the  water  falls 
slightly  in  height,  showing  that  at  ordinary  temperatures  the 
water  vapor  above  the  mercury  column  exerts  a  relatively  small, 
though  noticeable,  pressure,  the  amount  of  this  fall  indicating 
the  pressure  of  saturated  water  vapor  at  that  temperature.  The 
depression  of  the  column  in  the  tube  containing  the  alcohol  is 
greater  than  that  in  the  tube  containing  the  water,  and  the  de- 
pression in  tlie  tube  containing  the  ether  is  very  much  greater 
than  in  that  containing  the  alcohol.  Indeed,  the  pressure  of  sat- 
urated ether  vapor  at  the  ordinary  room  temperature  is  nearly 
two-thirds  of  an  atmosphere. 

If,  now.  these  three  tubes  are  slightly  warmed,  the  depression 
in  each  case  is  seen  to  increase,  showing  that  at  a  higher  tem- 
pei-ature  more  of  the  liquid  evaporates  into  the  space  above  the 
surface,  and  that  the  pressure  of  a  saturated  vapor  at  a  high 
temperature  is  greater  than  that  of  the  same  saturated  vapor  at 
a  lower  temperature. 

In  this  connection,  it  must  be  borne  in  mind  that  if  a  satur- 
ated vapor  is  cooled,  some  of  this  vapor  ivill  he  condensed  to  the 
licjuid  steite,  and  the  uncondensed  portion  will  remain  saturated 
at  the  lower  temperature,  aind  exert  a  diminished  pressure. 

269.  Dalton's  Laws.  Dalton  found  that  if  the  closed  space 
a])ove  a  liquid  is  filled  with  air  or  other  gas  that  does  not  react 
chemically,  just  as  much  liquid  will  evaporate  into  the  space  as 
would  evaporate  if  this  region  were  a  vacuum,  except  that 
longer  time  will  be  required.  That  is,  every  vapor  Avill  exert  its 
own  pressui-e  independently,  although  other  gases  or  vapors  may 
be  present.  If,  therefore,  any  closed  space  is  filled  with  a 
mixture  of  several  vapors  that  do  not  react  upon  one  another, 
the  resulting  pressure  due  to  all  these  vapors  is  equal  to  the  sum 
of  the  pressures  that  each  vapor  would  exert  if  it  occupied  the 
same  space  alone.  These  two  statements  are  known  as  Dalton'.? 
laws. 

270.  The  Pressure  of  a  Saturated  Vapor  is  the  Maximum 
Pressure.     If  an  unsaturated  vai)or  is  coni.prcssed.  an  inci-cjis' 
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of  pressure  will  produce  a  decrease  of  volume.  An  unsaturated 
vapor,  therefore,  behaves  in  every  respect  like  a  gas,  and  within 
narrow  limits  obeys  Boyle's  law.  If,  however,  the  attempt  is 
made  to  apply  pressure  to  a  saturated  vapor,  it  is  found  that, 
as  the  volume  becomes  less,  the  pressure  does  not  increase,  but 
that  the  vapor  pressure  and  the  vapor  density  remain  perfectly 
constant,  and  that  the  diminution  of  volume  simply  forces  some 
of  the  saturated  vapor  over  into  the  liquid  state.  Since  it  is  im- 
possible to  increase  the  pressure  upon  a  saturated  vapor,  it  is 
evident  that  a  saturated  vapor  does  not  obey  Boyle's  laAv. 

This  may  be  shown  by  passing  a  few  drops  of  ether  into  a 
barometer  tube  which  is  inverted  over  a  deep  cistern  of  mer- 
cury. The  pressure  of  the  saturated  ether  vapor  within  the  tube 
will  depress  the  column  of  mercury  about  46  centimeters,  Fig.  176. 
leaving  the  surface  of  the  mercury  within  the  tube  only  about  30 

centimeters  above  the  surface 
of  the  mercury  in  the  cistern. 
If,  now.  tlie  tube  is  lowered 
in  the  cistern,  the  volume  of 
the  vapor  will  be  decreased, 
but  its  pressure,  as  indicated 
by  the  unchanging  height  of 
the  column  of  mercury,  will 
remain  perfectly  constant  un- 
til the  vapor  has  all  been 
condensed  to  the  liquid  form. 
The  pressure  upon  a  satur- 
ated vapor,  therefore,  cannot 
be  increased,  but  ahvays  re- 
mains constant,  and  is  inde- 
pendent of  the  volume  and 
of  any  variation  which  the 
volume  may  undergo.  INIore- 
over,  the  pressure  wMcli  a  saturated  vapor  exerts  is  always 
tlie  maximum  pressure  wliicli  the  vapor  cau  exert  at  that  tem- 
perature. 

271.  Dust  Particles  or  Other  Nuclei  are  Necessary  for  Con- 
densation.    If  a  saturated  vapor  is  quickly  cooled,  as.  for  m- 


Fig.   176.     A  saturated   vapoi*  exerts  its 
maximum   pressure. 
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staiKH',  if  it  is  iillowcd  suddenly  to  expand  (p.  303),  a  portion 
of  this  vapor  is  condensed  to  the  liiiiiid  form,  and  appears  as 
a  eloiul,  or  fog.  which  slowly  settles  to  the  bottom  of  the  con- 
taining vessel.  This  precipitation  takes  place  more  readily,  how- 
ever, when  the  air  in  which  the  vapor  is  suspended  is  in  its  natural 
condition,  that  is,  Avhile  it  still  contains  the  multitude  of  dust 
particles  with  whieli  it  is  usually  filled.  On  the  other  hand,  if 
this  air  is  first  freed  from  all  traces  of  dust  and  other  substances 
by  being  drawn  through  a  tube  filled  with  loosely  packed  cotton, 
no  condensation  takes  place  when  cooling  occurs,  and  no  cloud 
is  formed.  The  vapor  is  then  said  to  be  supersaturated,  for  a 
given  volume,  even  at  the  lower  temperature,  contains  just  as 
great  a  quantity  of  vapor  as  was  sufficient  to  saturate  this  vol- 
ume at  the  higher  temperature. 

Experiments  like  these  point  unquestionably  to  the  interest- 
ing fact  that  the  condensation  of  a  vapor,  that  is;  the  passage 
from  the  state  of  saturated  vapor  to  that  of  a  liquid,  is  facilitated 
by  the  presence  in  the  vapor  of  minute  particles  of  dust  or 
other  foreign  matter,  upon  the  surface  of  Avhich  condensation  be- 
gins. If  these  particles,  or  nuclei  of  condensation,  are  present,  a 
portion  of  the  vapor  will  be  precipitated  as  soon  as  the  tempera- 
ture falls  and  the  remaining  vapor  will  then  be  saturated  at  the 
lower  temperature.  If,  however,  these  nuclei  are  absent,  as  is 
the  case  in  dust-free  air,  condensation  is  produced  less  readily 
upon  a  lowering  of  the  temperature.  In  this  case  the 
vapor,  which  is  then  supersaturated,  possesses  a  greater  density 
and  exerts  a  greater  pressure  than  would  be  possible  at  thivS 
temperature  if  condensation  could  occur. 

Moreover,  since  small  particles  ordinarily  exist  in  the  vapor  be- 
fore condensation  begins,  it  follows  that  the  nund)er  of  droplets 
produced  depends  in  large  measure  upon  the  relative  num- 
ber of  these  nuclei  that  may  be  present.  The  frequent  occur- 
rence of  heavy  fogs  in  London  and  other  densely  populated 
cities  is  thus  seen  to  be  due  to  an  excessive  contamination  of  the 
air  by  dust  and  smoke,  each  particle  of  which  serves  as  a  center 
for  the  condensation  of  the  saturated  water  vapor  of  the  at- 
mosphere. 
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272.  The  Critical  Temperature.  When  a  liquid  evaporates 
into  a  closed  space,  volatilization  takes  place,  as  we  have  seen 
(p.  287),  until  the  closed  region  above  the  licpiid  surface  is  filled 
with  the  saturated  vapor.  If  the  temperature  is  raised,  more 
of  the  liquid  evaporates,  and  the  vapor,  which  is  then  saturated 
at  a  higlier  temperature,  becomes  denser,  and  exerts  a  higher 
pressure. 

The  rise  of  temperature,  liowever,  which  thus  produces  an 
increased  density  of  tlie  vapor,  occasions  likewise,  a  decreased 
density  of  the  liquid,  inasmuch  as  the  liquid  expands  and  so 
occupies  a  larger  volume.  With  a  further  rise  of  temperature, 
this  double  process  continues,  the  density  of  the  A^apor  becom- 
ing constantly  greater  and  that  of  the  liquid  continually  less, 
until,  for  each  liquid,  a  perfectly  definite  temperature  is  reached, 
at  which  the  densities  of  the  vapor. jjnd^tJwLLiai^^ 
At  this  particular  temperature,  which  is  called  the  critical  tem- 
perature, the  properties  of  the  vapor  and  the  liquid  become  in 
ever^  waj  identical.  Moreover,  the  bounding  surface  of  the 
liquid,  which,  during  the  heating,  has  bec^n  marked  by  a  clearly- 
defined  meniscus,  suddenly  vanishes,  the  distinction  between  the 
liquid  and  the  vapor  completely  disappears,  and  the  tube  in 
M'hich  this  process  has  been  conducted  is  uniformly  filled. 

At  any  temperature  beloAV  the  critical  temperature  for  a  par- 
ticular liquid,  a  decrease  in  the  volume  of  the  saturated  vapor 
will  produce  no  increase  of  pressure,  but  will  result  in  condens- 
ing a  portion  of  the  vapor,  that  is,  in  reducing  it  to  the  liquid 
form.  At  any  temperature  above  the  critical  temperature,  how- 
ever, a  decrease  of  volume  will  give  rise  to  n  corresponding  in- 
crease of  pressure,  and  this  increase  of  pressure  may  be  carried 
to  any  desired  extent  without  producing  liquefaction.  It  is, 
therefore,  impossible  to  liquefy  a  gas  at  a  temperature  above  its 
critical  temperature.  Indeed,  it  is  not  until  a  gas  lias  been 
lowered  in  temperature  to  a  point  below  its  critical  temperature 
that  it  is  possible  to  liquefy  this  gas  by  pressure.  The  critical 
temperature  is  tliercforc  sometimes  used  to  indicate  the  distinc- 
tion betAveen  a  gas  and  a  vapor,  a  gas  being  a  vapor  above  its 
critical  temperature,  Avhile  a  vapor  is  a  gas  below  its  critical 
temperature.     So  funda mental  and  definite  is  tliis  characteristic. 
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that  ihc  critical  tcmperaUire  is  defined  as  that  temperature  above 
wkich  no  pressure,  however  great,  will  reduce  a  gas  to  the  liquid 
state. 


CHAPTER  XX. 

*  THE  HUMIDITY  OF  THE  ATMOSPHERE. 

273.  Dew.  Owing  to  the  evaporation  which  is  continually 
taking  place  from  all  exposed  bodies  of  water  and  from  the 
moistened  surface  of  the  earth,  the  atmosphere  always  contains 
water  vapor  as  one  of  its  constituents.  The  amount  of  this  moist- 
ure, which  varies  greatly  at  different  times,  depends  upon  the- 
temperature,  upon  the  proximity  of  large  bodies  of  water,  and 
upon  winds  which  carry'-  the  vapor  to  regions  remote  from  the 
place  where  evaporation  occurs. 

Under  the  action  of  bright  sunshine  during  tlie  morning  hours- 
following  a  rainy  night,  evaporation  from  the  earth  takes  place 
with  great  rapidity;  and  as  the  temperature  rises,  the  amount 
of  vapor  which  tlius  passes  into  the  air  is  increasinglj^  great. 
Although  the  air  contains  large  quantities  of  water  vapor  dur- 
ing the  middle  portions  of  the  day,  this  aijiount  is,  in  general, 
wholl.y  insufficient  to  produce  saturation,  owing  to  the  high  tem- 
perature Avhich  then  prevails.  As  the  air  becomes  cooler  towards 
night,  ho^^•ever,  the  temperature  is  approached  at  which  the 
vapor  present  will  become  saturated,  and  this  vapor  is  nearing- 
its  point  of  condensation.  The  temperature  at  which  tliis  occurs 
is  known  as  the  dew-point.  Accordingly,  if  the  air  is  cooled  be- 
low its  dew-point,  some  of  the  moisture  will  be  condensed  and 
precipitated,  and  the  air  will  then  remain  saturated  at  a  lower 
temperature.  This  explains  the  occurrence  of  the  fog  M'hich  is 
sometimes  seen  over  flat  meadows  on  quiet  summer  evenings. 

Tlie  air,  liowever,  is  a  poor  conductor  of  heat,  hence  it  more 
usually  remains  at  or  near  its  point  of  saturation,  until  it  is 
cooled  locally  by  coming  in  contact  with  a  much  colder  object, 
upon  which  the  moisture  is  then  deposited.    Blades  of  grass  and 
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leaves  of  foliage  are  good  radiators  and  relatively  poor  conduct- 
ors of  heat,  so  that  during  the  night,  if  the  sky  is  clear,  they 
radiate  into  space  the  heat  they  absorbed  during  the  day,  and  so 
become  many  degrees  colder  than  the  surrounding  air.  The 
saturated  air,  as  it  comes  in  contact  with  these  cold  objects,  is 
itself  cooled,  and  the  moisture  which  it  contained  at  the  higher 
temperature  is  deposited  in  the  form  of  minute  particles,  which 
then  coalesce  to  form  a  drop  of  dew.  It  is  probable  also  that 
the  amount  of  d6w  is  materially  increased  by  the  condensation 
of  the  moisture  Avhich  evaporates  from  the  still  warm  earth,  as 
this  meets  the  cold  foliage  immediately  above  it. 

If,  however,  the  night  is  not  clear,  the  clouds  prevent  the  radi- 
ation out  into  space  which  would  otherwise  take  place,  hence 
■objects  near  the  surface  of  the  earth  do  not  fall  so  low  in  tem- 
perature, and  therefore  cannot  condense  tlie  moisture  of  the 
.surrounding  air.  In  other  words,  the  clouds  radiate  back  to  the 
■earth  nearly  as  much  heat  as  the  earth  radiates  to  them,  hence 
there  is  but  a  small  fall  of  temperatui'^,  and  objects  do  not  be- 
■i'ome  sufficiently  cold  to  condense  the  moisture  of  tlie  air.  It  is 
on  this  account  that  but  little  dew  "falls"  on  a  cloudy  night. 
Occasionally  low,  flat  fields  of  delicate  plants  may  be  protected 
from  frost  on  clear,  windless  nights  by  building  smoky  fires 
around  the  field.  The  smoke  partially  covers  the  field  and  so, 
:to  a  certain  extent,  acts  like  the  clouds  in  preventing  so  great  a 
radiation  from  the  plants  as  to  cause  them  to  fall  in  temperature 
possibly  below  the  freezing  point.  The  production  of  hoar  frost 
is  similar  to  that  of  dew.  except  that  it  occurs  at  temperatures 
below  the  freezing  point  of  water. 

274.  Humidity.  The  state  of  the  air  as  regards  the  amount 
of  moisture  it  contains  is  kno\\"n  as  its  humidity.  If  the  quantity 
of  water  vapor  present  is  so  great  that  it  is  near  its  point  of 
•saturation,  the  humidity  is  said  to  be  high,  but  if  this  moisture 
is  relatively  small  in  amount,  the  humidity  is  low.  ]More  ac- 
x"Lirately,  however,  the  word  luimidity  is  used  in  two  senses,  dis- 
tinguished as  absolute  and  relative.  By  the  absolute  humidity 
is  meant  the  actual  numlier  of  grams  of  water  that  are  present 
M  anv  time  ii}  a  cubic  meter  of  air.     By  the  relative  humidity 
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is  meant  the  ratio  of  the  number  of  grams  of  water  that  are  ac- 
tually present  in  a  cubic  meter  of  air  to  the  number  of  grams 
that  would  saturate  this  quantity  of  air  at  the  same  temperature. 
Inasmuch,  however,  as  the  pressure,  or  tension,  which  an  unsat- 
urated vapor  can  exert  is  proportional  to  the  amount  of  the 
vapor  present,  the  absolute  humidity  may  be  expressed  as  the 
pressure  in  millimeters  of  mercury  which  the  unsaturated  water 
vapor  present  exerts,  and  the  relative  humidity  is  then  the  ratio 
of  the  tension  of  the  water  vapor,  as  it  is  found  to  exist  in  the 
air,  to  the  tension  which  saturated  water  vapor  would  exert  at 
tile  same  temperature. 

275.  HygTometry.  The  humidity  of  the  air,  both  absolute 
an(.l  relative,  may  be  measured  in  a  number  of  ways,  and  the 
science  which  thus  deals  with  the  determination  of  the  humidity 
is  known  as  hygrometry.  The  absolute  humidity  may  be  meas- 
ured directly  by  weighing  tubes  containing  substances  which 
readily  absorb  moisture,  such  as  sulphuric  acid  or  calcium 
chloride,  and  then  drawing  a  measured  quantity  of  air  through 
these  tubes.  The  increase  of  weight  Avhich  thus  results  is  the 
amount  of  water  vajior  that  was  contained  in  the  measured  quan- 
tity of  air,  and  from  this  the  absolute  humidity  may  be  calculated. 
From  tables  it  is  possible  to  learn  the  amount  of  moisture  that 
would  saturate  the  air  at  any  temperature,  hence  the  relative 
liumidity  may  be  readily  determined  when  the  absolute  humidity 
is  known. 

A  second  method  of  measuring  the  humidity  consist  in  deter- 
mining, the  dew-point  of  the  air,  and  then  computing  the  hu- 
midity from  tables  which  have  been  prepared  for  this  purpose. 
The  dew-point  of  the  air,  that  is,  the  temperature  at  which  the 
water  vapor  in  the  air  becomes  saturated,  may  be  approximately 
determined  ])y  filling  a  bright  tin  cup  witli  water  at  the  tem- 
perature of  tlie  air,  and  gradually  pouring  in  ioo  water  from  a 
pitcher  until  a  slight  clouding  occurs  on  the  bright  surface  of 
the  cup.  The  temperature  at  which  this  takes  place  is  the  tem- 
])erature  at  which  tlie  water  vapor  in  the  air  is  precipitated  upon 
the  cold  surface,  that  is,  the  temperature  at  which  dew  forms. 
Tn  other  words,  this  is  the  temperature  at  which  the  water  vapor 
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IJi'eseiit  in  the  air  becomes  saturated.  From  the  known  temper- 
ature at  which  the  dew-point  occurs,  the  humidit}^  of  the  air 
may  be  calculated. 

Another  method,  more  accurate  than  the  above,  consists  in 
filling  with  ether  a  metal  box  which  is  polished  and  gilded  on 
the  outside,  and  drawing  air  through  this  box,  thus  causing  the 
ether  to  evaporate.  The  ether  cools  as  it  evaporates,  and  the 
metal  box  falls  in  temperature  until  the  moisture  of  the  air  is 
deposited  upon  it,  and  a  clouding  of  the  bright  surface  occurs. 
A  thermometer  placed  in  the  ether  gives  the  temperature  at 
which  this  takes  place.  The  current  of  air  passing  through  the 
ether  is  then  stopped  and  the  box  allowed  to  warm  from  the  air, 
until  the  cloud  of  dew  upon  the  polished  surface  vanishes.  The 
temperature  is  again  read  and  the  mean  of  the  two  gives  most 
accurately  the  temperature  of  the  dew-point. 

276.  The  Wet  and  Dry  Bulb  Hygrometer.  The  most  con- 
venient and  the  most  usual  form  of  hygrometer  is  the  one  de- 
vised by  August,  and  knoAvn  as  August's  psychrometer.  This 
consists  of  two  exactly  similar  thermometers,  one  of  which  is  ex- 
posed freely  to  the  air,  and  w^hich  therefore  gives  the  temper- 
ature of  the  air,  while  the  bulb  of  the  other  is  surrounded  by  a 
muslin  gauze  kept  wet  by  means  of  a  wick  that  dips  into  a  cup 
of  water  beneath.  Evaporation,  therefore,  takes  jDlace  from  the 
moist  surface  of  the  muslin,  and  the  heat  necessary  to  produce 
this  evaporation  is  withdrawn  from  the  bulb  of  the  thermometer, 
thereby  lowering  its  temperature. 

The  amount  of  evaporation,  and  therefore  the  amount  of  cool- 
ing of  this  thermometer,  depends  upon  the  amount  of  water 
vapor  present  in  the  air.  If  the  air  is  saturated,  it  can  contain 
no  more  moisture  at  that  temperature,  no  evaporation  will  then 
take  place,  and  the  wet  bulb  thermometer  will  indicate  the  same 
temperature  as  the  one  with  the  dry  bulb ;  but  if  the  air  is  far 
removed  from  its  point  of  saturation,  evaporation,  and  there- 
fore, also,  cooling  will  take  place  with  great  rapidity  from  the 
wet  bulb,  and  this  thermometer  w'ill  indicate  many  degrees  lower 
than  the  other.  From  the  known  temperature  of  the  air,  and 
from  this  observed  difference  in  the  readings  of  the  two  ther- 
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monieters,  the  dew-point  at  that  temperature  and  the  absolute 
as  well  as  the  relative  humidity  may  be  computed  with  the  aid 
of  tables  which  have  been  prepared. 

277.  Winds.  The  unequal  ;md  the  variable  distribution  of 
heat  over  the  surface  of  the  earth  is  the  fundamental  cause  of 
the  movements  of  the  masses  of  air  taking  place  continually  in 
all  ciuarters  of  the  globe.  If  the  air  in  any  particular  locality  is 
heated,  it  expands,  and  as  it  thus  becomes  less  dense,  it  rises, 
while  cooler,  denser  air  from  the  sides  flows  in  along  the  surface 
of  the  earth  to  take  its  place.  Convection  currents  on  an  enor- 
mous scale,  therefore,  constantly  tend  to  equalize  tlie  temper- 
ature of  the  earth,  the  heat  of  the  tropics  being  thus  carried  to 
the  cooler  latitudes,  and  the  cold  air  from  the  polar  regions  being 
brought  down  to  moderate  the  heat  of  the  torrid  zone.  The  pass- 
age of  these  masses  of  air  near  the  surface  of  the  earth  produces 
the  phenomenon  of  winds. 

While  many  local  disturbances  intervene  to  change  tlie  direc- 
tion of  the  winds  and  to  produce  anomalous  movements  of  the 
air,  the  winds  in  the  northern  hemisphere  may  thus,  in  general, 
be  divided  into  two  great  classes,  namely,  those  which  bloAV  north 
and  those  which  lilow  south,  for  the  reason  just  given.  The  air, 
hoAvever,  at  any  part  of  the  earth  acquires  the  velocity  of  the 
earth  at  that  place,  and  moves  with  the  earth  in  its  diurnal  revo- 
lution. In  the  topics,  therefore,  the  heated  air  that  rises  and 
flows  northward  carries  with  it  the  high  velocity  of  the  earth  in 
the  equatorial  region,  so  that  as  it  moves  northward  it  comes  to 
parts  of  the  earth  that  have  a  smaller  eastward  velocity.  The 
air.  accordingly,  runs  ahead  of  the  earth,  so  to  speak,  that  is,  its 
higli  eastward  velocity,  combined  with  its  motion  northAvard 
gives  it  a  movement  towards  the  northeast,  or,  in  other  words, 
this  wind  blows  from  the  southwest.  On  the  other  hand,  the 
cold  air  from  the  higher  latitudes,  as  it  flows  southward  to  take 
the  place  of  the  air  which  has  risen,  carries  with  it  the  low 
velocity  of  the  polar  regions  from  which  it  came,  so  that  it  con- 
tinually comes  to  parts  of  the  earth  that  have  a  higher  eastAvard 
velocity.  In  this  case,  therefore,  to  continue  the  same  figure,  the 
air  constantly  lags  behind  the  earth,  and  the  movement  south- 
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ward  compounded  with  this  slower  motion  eastward  gives  this 
polar  air  a  Relative  motion  toward  the  southwest,  that  is,  the 
wind  blows  from  the  northeast.  This  warm  air  blowing  from  the 
southwest  and  the  cold  air  from  the  northeast  are  the  main  causes 
for  the  occurrence  of  storms,  as  we  shall  see  later. 

278.  Clouds.  If  the  heated  air,  as  it  rises,  happens  to  be 
over  or  near  large  bodies  of  water,  evaporation  takes  place  with 
great  rapidity  and  large  quantities  of  water  vapor  are  absorbed 
by  the  air.  Notwithstanding  the  high  temperature  and  conse- 
quently the  very  high  point  of  saturation,  the  air  over  the  trop- 
ical oceans  is  very  nearly  saturated  with  water  vapor.  As  this 
heated,  moist  air  expands  and  rises,  the  vapor  which  it  contains 
is  likewise  carried  into  cooler  regions,  so  that  moisture  also,  as 
well  as  heat,  is  transferred  as  a  consequence  of  this  convection. 
When  this  Avarm,  vapor-laden  air  falls  in  temperature  below  a 
point  at  which  the  vapor  present  will  be  saturated,  a  part  of  the 
moisture  is  condensed,  thus  forming  a  cloud,  and  the  air  remains 
saturated  at  this  lower  temperature. 

The  causes  which  lead  to  the  cooling  of  this  mass  of  warm  air 
and  the  consequent  condensation  of  a  portion  of  its  moisture,  are 
two-fold,  and  must  be  carefully  distinguished.  A  cooling  will 
take  place  when  this  mass  of  warm  air  meets  colder  masses  of 
air,  or  comes  in  contact  with  cold  currents  from  the  north,  and 
a  condensation  must  then  necessarily  follow.  This  effect,  how- 
ever, takes  place  principally  around  the  edges  of  the  mass  of 
hot  air.  so  that  the  interior  portions  are  comparatively  unaffected 
in  temperature. 

A  much  more  important  cause,  however,  and  one  which  is  far 
more  effective  in  producing  a  lowering  of  the  temperature  and 
a  condensation  of  moisture,  is  the  fact  that  this  warm  air  ex- 
pands as  it  rises  and  in  expanding  it  has  to  do  work  in  pushing 
back  the  atmosphere  that  lies  all  around  it.  Inasmuch  as  no 
other  source  of  heat  is  present,  the  energy  in  the  form  of  heat 
which  is  necessary  thus  to  do  this  external  work  is  taken  from 
the  heat  contained  in  the  warm  air  itself,  and  accordingly  the 
mass  of  air  becomes  cool.  The  air,  therefore,  is  cooled  by  its 
own  expansion,  that  is,  by  doing  work  in  pushing  back  the  at- 
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mospliere  to  make  room  for  tlie  increased  voluiue  which  the  ex- 
panded air  must  occupy.  Indeed,  the  cooling  by  this  process 
is  so  great  that  the  air  frequently  falls  in  temperature  below 
the  dew  point,  and  the  vapor  present  is  partly  condensed  into 
a  multitude  of  minute  particles  forming  a  cloud. 

The  formation  of  a  cloud  may  be  observed  almost  any  summer 
morning  when  a  bright,  clear  day  follows  a  rainy  niglit.  The 
warmth  of  the  sun  causes  rapid  evaporation  from  the  moist  earth, 
and  columns  of  heated  air,  laden  with  water  vapor  almost  to  the 
point  of  saturation,  rise  from  some  spot,  such  as  the  side  of  a  hill, 
where  the  formation  of  an  upward  current  is  particularly  favor- 
able. This  heated  air  expands  as  it  rises,  and  cools  as  it  expands, 
until  it  falls  below  the  temperature  at  which  the  vapor  present  in 
the  air  becomes  saturated,  and  then  a  cloud  occurs.  The  large, 
fleecy,  cumulus  clouds  which  appear  in  the  sky  by  nine  or  ten 
0  'clock  in  the  morning  are  simply  the  tops  of  these  rising  columns 
of  air  w^hich  have  been  cooled  by  expansion,  until  a  portion  of  the 
vapor  which  the  air  contains  has  thus  been  condensed. 

Contrary'  to  the  popular  belief,  these  particles  of  moisture 
which  have  l)een  condensed  from  the  vapor  are  little  spherical 
globules,  about  the  hundredth  part  of  a  millimeter  in  diameter, 
and  are  not  hollow,  as  is  generally  supposed.     They  are  so  ex- 
ceedingly small,  and  their  friction  witli  the  air  is  so  great  that 
they  fall  only  very  slowly,  and  the  slightest  current  of  air  is 
sufficient  to  carry  them  upward.     Indeed,  if  tlio  particles  at  the 
lower  edge  of  tlie  cloud  were  to  fall,  they  would  soon  come  into 
a  warmer  region  whei'e  the  point  of  saturation  is  higher.     They 
would  then  immediately  evaporate  and  thus  form  a  part  of  the 
vapor  in  the  rising  colunui  of  air,  only  again  to  be  condensed  as 
soon  as  they  came  once  more  to  tlie  height  from  which  they  fell. 
If  the  upward  current  is  very  strong,  as  may  be  the  case  over 
a  highly  heated  locality,  the  rising  colinnn  of  air  may  pass  far 
above  the  point  Avhere   condensation  begins,  and   soon  may  be 
cooled  by  its  expansion  to  a  temperature  so  low  that  the  vapor 
freezes  as  it  condenses.     Small  crystals  are  then  carried  upward 
l)ythe  still  rising  colnmn  of  air,  and  at  a  height  of  five  or  six 
miles,  when  the  uinvard  current  has  ceased,  these  en'stals  may 
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be  seen  forming  the  thin,  fihny  masses  knoAvn  as  cirrus  clouds, 
which  are  the  highest  clouds  known.  The  light  haze  which  often 
overspreads  the  sky  is  due  to  these  masses  of  ice  crystals  at  -this 
great  height,  forming  a  thin  diffused  cirrus  cloud. 

After  clouds  are  formed  a  still  further  cooling  produces  an 
increased  condensation,  until  the  number  of  these  tiny  particles 
becomes  so  great  that  the.y  collide  and  coalesce  and  form  a  drop 
too  heavy  to  be  supported  by  the  currents  of  air,  and  this  then 
falls  as  rain.  Snow  occurs  instead  of  rain  when  the  tiny  water 
particles  come  together  and  unite  at  a  temperature  below  the 
freezing  point  of  water, 

279.  The  Weather.  The  movements  of  these  heated,  mois- 
ture-laden masses  of  air  from  the  south,  and  of  the  cold,  dry 
currents  from  the  north,  modified,  of  course,  by  many  local  con- 
ditions, are  the  main  causes  for  the  formation  of  the  storms 
which  sweep  across  the  country  with  greater  or  less  violence.  The 
heated  air  rises  because  of  the  smaller  density  in  its  expanded 
condition,  and  consequently,  in  regions  where  these  upward  cur- 
rents take  place,  the  pressure  of  the  air  is  less  than  it  otherwise 
would  be,  and  the  barometer  here  stands  very  low.  The  heated 
column  of  moist  air,  and  with  it  also  this  area  of  low  liaroraeter. 
noAv  moves  forward  from  the  southwest,  while  the  cold,  dry  air 
from  the  polar  regions  moves  down  from  the  northeast,  and  with 
it  also  comes  a  region  of  higher  barometric  pressure. 

The  meeting  of  these  two  great  masses  of  air  from  opposite 
directions  gives  rise  to  a  rotary  motion,  forming  a  great  vortex, 
often  several  hundred  miles  in  cross-section,  and  this  moves  in  a 
general  northeasterly  direction,  requiring  perhaps  three  or  four 
days  to  travel  across  the  country.  This  great  vortex  is  known 
as  a  cyclone,  without,  however,  carrying  witli  it  the  idea  of  the 
destructive  storm  usually  called  by  this  name,  which  is  more 
properly  a  tornado.  The  direction  in  which  this  cyclone  revolves, 
as  "viewed  from  above,  is  opposite  the  hands  of  a  Avatch,  and  the 
region  of  lowest  barometric  pressure  is  always  at  its  center.  This 
cyclone  is  therefore  usually  spoken  of  as  a  ''low,"  and  appears  as 
such  on  the  daily  weather  maps.  On  the  other  hand,  the  cold,  dry 
air  from  the  north  acquires  also  a  rotary  motion,  but  in  the  op- 
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posit.'  direction,  that  is,  in  the  direction  of  tlie  hands  of  a  watch, 
and  in  tlie  center  of  this  region  is  the  area  of  higliest  l)arometriG 
l)rt  ssure,  so  that  this  area,  or  anti-cyclone,  as  it  is  called,  is  more 
nsually  expressed  as  a  ''high." 

Siianltaneons  observations  of  the  atmospheric  conditions  aro 
talcMi  daily  all  over  the  country;  and  when  the  barometric  height 
is  phjtted  on  a  map,  the  points  at  which  this  lieight  is  the  same 
may  he  connected  by  a  line,  known  as  an  isobar.  The  isobars, 
Avhich  are  closed  curves  about  a  low,  indicate  the  position  of  the 
center  of  this  low,  and  enable  its  motion  forward  to  be  studied. 
The  change  in  the  barometric  height  for  a  given  distance  on  the 
sOTfa^oflhe  earth  is_kn^wn  as  the_gradieiit.  The  nearer  to- 
gether The  isobars  ^oc'cur7  the"  steeper  is 'the  gradient,  and  the 
greater  the  velocity  of  the  wind. 

280.  Weather  Prediction.  Because  the  great  storms  which 
sweep  across  the  country  are  produced  in  the  majority  of  cases 
un(l<^r  similar  circumstances,  and  because  these  storms  have  a 
general  easterly,  or  northeasterly  movement,  the  changes  in  the 
'  weather  which  are  thereby  produced  are  characteristic  and  quite 
definite.  Tlie  air  ever  a  heated  region  in  the  southern  and  south- 
western slates  becomes  itself  heated,  expands,  and  rises,  while 
the  cooler  air  f^.ows  in  from  the  sides  to  take  its  place.  A  cyclonic 
area  is  thus  produced,  the  direction  of  rotation  of  this  cyclone, 
as  viewed  from  above,  being  opposite  the  hands  of  a  watch,  and 
the  center  of  this  area  being  the  region  cf  lowest  liarometric  pres- 
sure. 

As  the  air  expands  in  the  rising  column  at  the  center,  it  must 
do  external  v.'ork  in  pushing  back  tlie  atmosphere,  and  the  heat 
therebv  corsumed  is  withdi-awn  from  the  air,  so  that  its  temper- 
atnrr-  falls.  As  soon  as  the  dew  point  is  reached,  a  cloud  is  pro- 
dn.-.-d  ;  and  if,  as  is  generally  the  case,  the  central  upward  cur- 
rent is  verv  strong,  the  ascending  colnmn  may  rise  to  the  height 
of  five  or  'six  miles.  Avhen  the  moisture  will  be  congealed  into 
crvstals  of  ice  foimiing  a  cirrus  cloud.  These  cirrus  clouds  are 
then  carried  to  the  northeast  by  the  winds  from  the  equatorial 
regions,  s'.  that  in  this  way  the  approach  of  a  storm  may  be 
heralded  two  cr  three  days  in  advance  of  its  arrival. 
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At  a  point  northeast  of  the  stoiMu  center,  the  winds  then  liegin 
to  blow  with  increasing  violence  from  the  southeast  and  south, 
and  the  air  becomes  hot  and  sultry.  The  cirrus  clouds  soon 
spread  into  a  general  cirrus  haze,  and  this  in  turn  yields  to  the 
heavy,  dense  clouds  which  are  formed  by  the  condensation  of 
the  vapor  in  the  moisture-laden  winds,  as  tliey  blow  from  the 
southern  states  and  from  the  Gulf  of  Mexico,  where  the  hu- 
midity is  very  high.    As  this  moisture  is  still  further  condensed, 
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The  conditions  existinjr  about  a  storm  center  from  whirh 
the  weather  predictions  are  made. 


rain  begins  to  fall  and  increases  in  quantity  as  the  region  of 
lowest  barometric  pressure  approaclies.  "When,  however,  the 
storm  center  passes,  the  wind  begins  to  bloAV  from  the  northwest, 
cold,  dry  air  is  thus  brought  down  from  the  north,  the  clouds 
soon  dissolve  and  disappear,  bright  sunshine,  with  cool,  refresh- 
ing weather  is  brouglit  about  in  summer  and  a  cold  wave  pre- 
vails in  winter.  The  condition  continues  for  a  few  days,  when 
these  processes  are  repeated  in  much  the  same  order. 

If  a  storm  center  passes  south  of  a  particular  region,  the  winds 
at  that  point  will  change  from  east  through  the  northeast  and 
nortli  to  northwest,  and  the  warm,  cloudy  weather  will  slowly 
yield  to  the  dry,  cold,  clearing  winds  from  the  northwest.     If, 
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however,  tlie  stoi'm  center  i);i.sses  fnr  to  tlie  north,  tlie  wuids 
will  change  from  the  cast  through  the  southeast  and  south  to 
the  soutlnvest,  and  then  later  to  the  Avest,  and  a  succession  of 
warm,  jjleasant,  sunny  days  is  the  result. 

The  movements  of  the  air,  as  well  as  the  atmospheric  condi- 
tions prevailing  over  the  country  at  any  time  may  be  most  ad- 
vantageously studied  by  means  of  the  weather  maps  which  are 
issued  daily,  and  Avhich  set  forth  the  meteorological  conditions 
then  existing,  Fig.  177.  From  tliese  conditions,  and  from  a 
knowledge  of  the  general  movement  which  the  storm  center  will 
probably  folloAV,  the  weather  indications  for  any  j^articular  lo- 
cality may  be  predicted  with  a  fair  degree  of  certainty,  often 
for  twentv-four  hours  and  even  longer  in  advance. 


CHAPTER  XXI. 

THERMODYNAMICS. 

281.  Heating-  by  Compression   and   Cooling-  by   Expansion. 

AYhen  a  gas  is  compressed  by  an  external  force,  as,  for  instance, 
when  a  piston  is  pushed  down  in  a  cylinder,  an  amount  of  work 
must  be  done  equal  to  the  product  of  the  average  force  thus 
exerted  and  the  distance  tlirough  which  the  piston  moves.  This 
amount  of  energy  is  added  to  the  energy  of  the  gas,  the  kinetic 
energy  of  the  molecules  is  thereby  increased,  and  the  gas  be- 
comes heated.  AVhen,  however,  a  gas  expands,  and  in  so  doing 
l)erforms  Avork,  that  is,  for  example,  when  the  gas  is  allowed  to 
push  the  piston  up  against  an  outside  force,  the  energy  which 
is  thus  consumed  is  taken  from  the  kinetic  energy  of  the  mole- 
cules, and  the  gas  becomes  cool.  A  gas,  therefore,  is  heated 
when  it  is  compressed  by  an  outside  force,  and  cooled  when  it 
expands  against  an  outside  force,  since  Avork  is  done  upon  the 
gas  in  the  first  instance  and  by  the  gas  in  the  second. 

The  equivalent  of  pushing  up  tlie  piston  is  accomplished  by 
suddenly  opening  the  valve  in  a  reservoir  of  compressed  gas, 
find  allowing  the  gas  to  expand  into  the  atniospliere  or  into  an- 
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other  reservoir  coutainino-  gas  at  a  lower  pressure.  In  this  case 
the  cooling  effect  is  a  complicated  one,  and,  in  truth,  consists  of 
tin-ee  effects  combined,  all  of  which  withdraw  energy  from  the 
gas,  and  all  of  which,  therefore,  aid  in  producing  the  observed 
lowering  of  te'mperature. 

In  the  first  place,  the  gas  in  expanding  into  the  air  must  push 
back  the  atmosphere,  thereby  performing  an  amount  of  work 
which  may  be  called  external  work.  Since  no  other  source  of 
energy  is  at  hand,  this  work  is  done  at  the  expense  of  the  kinetic 
energy  of  the  molecules,  and  the  temperature,  therefore,  is 
lowered. 

A  second  cooling  effect  is  produced  when  expansion  occurs,  due 
to  the  fact  that  a  given  particle  of  the  compressed  gas  pushes 
out  another  particle  of  the  gas  immediately  before  it,  that  is,  it 
imparts  a  velocity  to  this  particle,  and  therefore  does  ^Vork. 
IMoreover,  each  particle,  in  turn,  as  it  approaches  the  opening 
in  the  reservoir,  yields  a  portion  of  its  energy  thus  in  commun- 
icating a  higher  velocity  to  the  particle  before  it,  so  that  the 
energy  of  the  gas  remaining  in  the  reservoir  is  diminished,  and 
this  gas  grows  cold.  The  increased  velocity  which  the  particle 
thus  acquires  in  leaving  the  reservoir  is  a  directed  velocity,  and 
produces  a  .iet,  or  wind,  of  the  escaping  gas.  This  must  be 
carefully  distinguished  from  the  wholly  irregular  motion  of 
the  particles  due  to  molecular  bombardments,  for  the  directed 
linear  velocity  of  the  particles  constituting  the  wind  has  no 
effect  upon  the  temperature. 

A  third  cause  which  brings  about  a  cooling  upon  expansion 
is  the  fact  that  no  known  gas  is  a  perfect  gas,  and  that  at 
oi'dinary  temperatures  the  particles  of  all  gases  have  a 
very  slight  attraction  for  one  another.  When  expansion  oc- 
curs, therefore,  work  must  be  done  in  separating  the  particles 
of  gas  from  one  another;  that  is,  internal  work  must  be  per- 
formed in  changing  a  portion  of  the  molecular  kinetic  energy  of 
the  gas  into  molecular  potential  energy.  For  air  at  room  temper- 
atures, the  cooling  which  results  from  this  effect  amounts  to  about 

~  C,  for  each  atmosphere  of   expansion,  and   is   known  as  the 

Joule-Thomson  effect,  in  honor  of  its  two  noted  discoverers. 
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282.  The  Liquefaction  of  the  Air.  Air,  when  compressed 
to  about  200  atmospheres  and  allowed  suddenly  to  expand,  is- 
therefore  considerably  cooled  by  the  withdrawal  of  a  portion 
of  its  internal  energy.  If  this  cooled  air  is  allowed  to  circulate 
about  the  tube  containing  the  compressed  air  which  is  about  to 
expand,  the  latter  will  be  cooled  almost  to  the  temperature  of 
the  expanded  air  before  its  oAvn  expansion  occurs.  "When  this 
in  turn,  expands  and  cools  still  further,  it  may  likcAvise  serve 
to  surround  and  cool  still  other  air  which  is  about  to  expand; 
and  when  this  process  is  continued,  so  intense  a  degree  of  cold 
is  finally  produced  that  the  air  in  expanding  falls  to  the  tem- 
perature of  —191°  C. 

This  is  the  temperature  at  which  the  saturated  vapor  of  air 
exerts  a  pressure  of  1  atmosphere,  or,  in  other  words,  it  is  the 
average  tcm])erature  at  which  the  gases  of  the  air  can  boil  at 
atmospheric  pressure,  the  temperature  of  boiling  oxygen  being 
—182.5°  C,  and  that  of  boiling  nitrogen  —198°  C.  Accord- 
ingly, these  gases  of  the  air,  as  they  expand  and  cool,  condense 
to  the  liquid  form,  and  collect  as  boiling  air  in  a  vessel  placed 
to  receive  them.  The  operation  here  described,  which  is  called 
the  regenerative  process,  is  the  practical  method  of  liquefying  the 
air  at  the  present  time,  and  is  a  common  means  by  which  liquid 
air  may  be  produced  in  large  quantities. 

The  inevitable  access  of  heat,  which  even  the  use  of  the  Dewar 
flask  (p.  251)  cannot  altogether  avoid,  causes  this  exceedingly 
cold  mixture  continually  to  evaporate,  if  not  actually  to  boil ; 
and,  as  the  nitrogen  boils  at  the  lower  temperature,  it  A^olatil- 
izes  the  more  rapidly  and  disappears  the  more  quickly,  al- 
tliough  the  oxygen  evaporates  at  a  rate  but  little  slower.  Ac- 
cordingly^, as  a  quantity  of  liquid  air  is  tested  from  time  to  time, 
it  will  be  found  to  contain  a  continuoush^  decreasing  amount  of 
nitrogen,  that  is,  it  M'ill  become  constantly  richer  in  oxygen, 
until,  after  two  or  three  days,  the  remaining  liquid  will  be  found' 
to  be  very  nearly  pure  liquid  oxygen. 

"When  hydrogen  at  ordinary  temperatures  is  allowed  to  expand, 
it  is  heated  instead  of  being  cooled.  But  if  it  has  been  previ- 
ously cooled  to  — 80.5°  C.  and  then  allowed  to  expand,  a  cooling- 
begins,    which    is   still    further    increased   by   the   regenerative- 
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process.  The  gas  then  falls  in  temperature  to  —253°  C,  which 
is  its  boiling  point  at  atmospheric  pressure,  and  therefore  lique- 
fies as  it  expands.  If  liquid  liydrogen  is  evaporated  at  reduced 
pressure,  its  temperature  falls  still  lower,  until  it  solidifies  at 
— 257°  C.  Helium  gas,  when  expanded  hy  the  regenerative 
process,  is  lowered  in  temperature  until  it  liquefies  at  — 268.7° 
C. ;  and  Avhen  this  liquid  is  evaporated  at  a  pressure  of  1  centi- 
meter of  mercury  its  temperature  sinks  to  — 270°  C,  only  3° 
above  the  al)solute  zero. 

283.  The  Isothermal  Compression  of  a  Gas.  If  we  consider 
a  mass  of  gas  enclosed  in  a  cylinder  provided  with  a  piston,  we 
may  diminish  its  volume  by  applying  pressure  to  the  piston; 
and  if  the  gas  is  kept  at  constant  temperature,  the  compression 
takes  place  according  to  IJoyle's  law.  We  have  seen,  however, 
that  a  mass  of  gas  is  warmed  by  compression  and  cooled  l)y  ex- 
pansion. Therefore,  if  the  gas  is  to  remain  at  a  constant  tem- 
perature, we  must  assume  that  the  walls  of  the  cylinder  are  of 
a  material  Avhich  is  a  good  conductor  of  heat,  so  that  the  heat 
which  is  produced  by  the  compression  is  conducted  away  through 
the  walls  as  fast  as  it  is  developed,  and  the  enclosed  gas  re- 
mains at  its  initial  temperature,  however  its  volume  is  made  to 
Tary.  Under  this  condition  of  perfect  constancy  of  temper- 
-ature,  a  change  in  the  pressure  and  the  volume  of  a  gas  is  known 
:as  an  isothermal  change. 

The  condition  of  a  mass  of  gas  at  all  times  as  regards  its  pres- 
sure and  volume  becomes  at  once  evident,  if  we  construct  a  dia- 
gram consisting  of  two  sti'aiglit  lines  at  right  angles  to  each  other. 
P^'ig.  178,  the  horizontal  one,  for  instance,  representing  the 
axis  of  volumes,  and  the  vertical  one  representing  the  axis 
of  pressures.  Distances  then  laid  off  from  the  point  of  intersec- 
tion of  these  lines  represent  volumes  and  pressures  respectively, 
one  division  on  the  horizontal  line  representing  one  liter,  two 
divisions,  two  liters,  etc.,  and  one  division  on  the  vertical  line 
representing  one  atmosphere,  two  divisions  two  atmospheres,  etc. 
Writh  the  aid  of  a  diagram  such  as  this,  the  entire  condition  of 
.-a  mass  of  gas  as  regards  its  volume  and  pressure  at  any  given 
temperature  may  be  represented  by  a  single  point,  because  per- 
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peiicliculars  dropped  from  this  j)oint  upon  these  axes  indicate 
the  volume  and  the  pressure  respectively.  That  is,  if  the  per- 
pendicular Pv  is  dropped  from  the  point  P  upon  the  liori;^ontaI 

axis,  which  is  the  axis  of  volumes, 
the  intercept  Ov  upon  the  axis 
represents  the  volume  of  the  gas. 
In  the  same  way,  if  the  perpen- 
dicular Pp  is  dropped  from  the 
point  P  upon  the  vertical  axis, 
which  is  the  axis  of  pressures,  the 
intercept  0  p  represents  the  pres- 
sui'p  of  the  gas. 

If  now  the  piston  is  pushed  down 
thus  compressing  the  gas  in  the 
cylinder,  the  volume  is  dimin- 
ished while  the  pressure  at  the 
same  time  is  increased,  and  the  condition  of  the  gas  is  now 
represented  l)y  the  point  P',  where  Ov^  represents  the  new  vol- 
ume and  0  p'  the  new  pressure.  But  this  compression  has  been 
performed  at  constant  temperature,  therefore  Boyle's  law  has 
heen  obeyed,  tliat  is,  tlie  product  of  the  pressure  and  the  volume 
must  be  constant.  Accordingly  the  area  of  the  rectangle  OvPp 
just  equals  the  area  of  the  rectangle  Ov'P'p',  or, 


Fig.    178.      Tlie    isothermal    com- 
pression of  n   gip. 


Op  X  Ov  =  Op'  X  Ov\ 

If  tlie  piston  is  drawn  up,  so  that  the  gas  occupies  a  larger  vol- 
ume, the  pressure  is  diminislied,  and  the  condition  of  the  gas  as 
regards  its  volume  and  i)ressure  is  indicated  by  the  point  P'\ 
where  Op"  represents  the  pressure  of  the  gas  w'hen  tlie  volume 
lias  become  Ov".    Here  again 

Op  X  Ov  =  Op"  X  Ov". 

284.  Isothermal  Lines.  During  the  above  changes  the  point 
P  has  moved  along  tlie  curve  P'  P",  which  is  of  such  nature  that 
at  each  point  it  represents  Boyle's  law,  or 


P  V  =  constant. 
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This  expression  ma}^  then  be  called  the  equation  of  the  curve, 
where  P  and  V  are  the  co-ordinates,  since  at  each  j^oint  it  ex- 
presses the  condition  which  the  curve  represents.  There  is, 
however,  but  one  curve  Avhich  has  an  equation  of  this  form,  and 
that  is  the  rectangular  hyperbola.  It  follows,  therefore,  that, 
as  compression  and  expansion  take  place  according  to  Boyle's 
law,  the  point  P,  which  indicates  the  condition  of  the  gas  at  that 
temperature,  moves  along  a  rectangular  hyperbola,  of  which 
the  axes  of  pressure  and  volume  are  the  asj-mptotes.  An 
asymptote  to  a  curve  means  a  line  such  that  a  point  which  moves 
along  the  curve  continually  approaches  that  line  but  never  meets 
it.  In  the  compression  of  the  gas  this  indicates  that  however 
large  the  volume  may  be,  there  will  always  be  some  pressure 
exerted  by  the  gas,  for  whatever  distance  P  moves  to  the  right, 
it  will  still  be  appreciably  above  the  axis  of  volumes.  Again, 
if  the  pressure  on  the  gas  is  increased,  the  volume  will  diminish, 
but,  to  whatever  extent  P  may  move  upward  and  to  the  left, 
it  can  never  meet  the  axis  of  pressures,  for  the  mass  of  gas 
always  has  some  volume,  however  great  the  pressure  to  which  it 
is  subjected.  A  curve  such  as  P'P'\  every  point  of  which  rep- 
resents the  instantaneous  condition  of  the  gas  at  constant  tem- 
perature, is  known  as  an  isothermal  curve,  or  an  isothermal. 

If  this  process  of  change  of  volume  and  pressure  is  carried  on 
at  a  higher  temperature,  then  for  a  given  volume  the  pressure 
Avill  be  greater,  and  another  isothermal  curve  will  be '  traced, 
Fig.  179,  lying  above  the  first  and  similar  to  it,  but  nowhere 

intersecting  it.  In  this 
w^ay  a  whole  family  of 
isothermal  curves  may 
be  drawn,  a  separate 
curve  being  necessary 
for  each  temperature  at 
which  the  compression 
or  expansion  is  con- 
ducted. 

The    very    great    con- 

venience     of    these    iso- 

,,      ^_„     ,    .,         ,  ,.  ^       thermals  lies  in  the  fact 

Fig.  1(9.     Isothermal  lines. 
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that,  of  the  three  variables,  pressure,  volume,  and  temper- 
ature, herein  employed,  if  two  are  given,  the  third  may  always 
be  determined. 

1.  If  the  pressure  and  the  volume  of  a  gas  are  given,  the 
temperature  may  be  found  in  the  following  way :  At  the  given 
pressure  erect  a  perpendicular  to  the  axis  of  pressures,  and  at 
the  given  volume  erect  likcAvise  a  perpendicular  to  the  axis  of 
volumes.  The  intersection  of  these  two  lines  will  lie  on  the 
isothermal  denoting  the  temperature  at  which  the  gas  having 
that  particular  volume  will  also  have  that  particular  pressure. 

2.  If  the  pressure  and  the  temperature  of  a  gas  are  given, 
the  corresponding  volume  may  be  determined  by  the  following 
method :  At  the  given  pressure  erect  a  perpendicular  to  the  axis 
of  pressures,  and  extend  this  line  until  it  intersects  the  isothermal 
of  the  given  temperature.  A  perpendicular  let  fall  from  this 
point  of  intersection  upon  the  axis  of  volumes  will  intercept  upon 
this  axis  a  distance  from  the  origin  which  will  be  the  volume 
required. 

3.  If  the  volume  and  the  temperature  of  a  gas  are  given,  the 
corresponding  pressure  may  be  found  as  follow^s :  At  the  given 
volume  erect  a  perpendicular  to  the  axis  of  volumes  and  extend 
this  line  until  it  intersects  the  isothermal  of  the  given  temper- 
ature. A  perpendicular  let  fall  from  this  point  of  intersection 
upon  the  axis  of  pressures  will  intercept  upon  this  axis  a  distance 
from  the  origin  which  will  be  the  pressure  required. 

285.  The  Elasticity  of  a  Gas.  If  we  have  a  series  of  isother- 
mals  for  gas,  a  single  point  such  as  P  will  not  only  indicate  the 
pressure  and  the  volume  of  the  gas  for  that  temperature,  but 
will  also  enable  us  to  determine  the  elasticity  of  the  gas  under 
these  same  conditions  of  temperature,  pressure,  and  volume. 
For,  if  we  again  imagine  a  mass  of  gas  enclosed  in  a  cylinder 
provided  with  a  piston,  the  point  P  on  the  isotliermal  curve, 
Fig.  180,  will  represent  the  condition  of  the  gas  as  to  volume 
and  pressure  at  that  temperature,  because  the  perpendiculars 
let  fall  from  P  on  the  two  axes  show  that  the  gas  has  a  volume 
represented  by  Ov  and  a  pressure  represented  by  Op. 

If  noAv.  the  piston  is  pushed  down,  the  volume  of  the  gas  wall 
be  diminished  to  some  new  volume  such  as  Of',  and  the  pressure 
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will  he  increased  to  some  neAv  value  such  as  Op\     During  tliis 
change  the  point  P  will  move  to  P'  along  the  line  PP',  which  is 

a  portion  of  the  isD- 
thermal  for  that  tem- 
perature, and  w^hich  is 
so  short  that  it  may 
for  the  present  .be 
considered  as  straight. 
The  perpendicular  Pp 
intersects  the  perpen- 
diculai"  /"(•'  in  M.  so 
that  PM,  which  equals 
!•;•'.  denotes  the  cliange 
ill  tile  voliime  of  the 
gas,  and  P'M.  which 
equals  p'p,  represents 
the  change  in  the  i)res- 
sure. 
^VG  now  define  the  voluminal  compression  of  a  gas  to  he  the 
ratio  of  the  change  of  volume  to  the  original  volume.  That  is, 
on  the  diagram,  PM  represents  the  change  of  volume  of  the  gas, 
and  pP,  Avhicli  is  the  same  as  Ov,  represents  the  original  volume. 
Therefore, 
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We  also  define  the  elasticity  of  a  gas  to  he  the  ratio  of  the  in- 
crement of  pressure  to  the  voluminal  compression  produced. 
That  is. 


Elasticity 


Increase  of  pressure 


Voluminal  compression  produced 
or,  with  reference  to  Fig.  180, 


Elasticity' 


(1) 
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If  FP^  is  produced  until  it  meets  the  axis  of  pressure  in  E,  we 
have  two  similar  right  angled  triangles,  namely,  EpP  and  P'MP. 
Accordingly, 

Ep  :pP=  P'M  :  PM, 

or 

Ep  .  PM  =  pP  .  P'M, 

and 

^  P  M 

Dividing  numerator  and  denominator  of  this  fraction  hy  pP ,  we 
have 

^.  P'  M 

p  J' 

But  from  equation  (1)  above,  we  have  seen  that  the  expression 
forming  tlie  right  hand  member  of  this  equation  represents  the 
elasticity.     Therefore, 

Ep  =  elasticity. 

The  numerator.  I'M/,  of  the  above  expression  represents  a  pres- 

P  If 

sure,  while  the  denominator,  — -•  denotes  the  ratio  of  the  change 

I'  ^ 
of-  volume  to  the  original  volume,  and  thifi  ratio  is  swii^hj  an 

abstract  mimher.  The  elasticitif  of  a  gas,  therefore,  is  of  the 
same  nature  as  a  pressure,  and  the  distance  Ep  measures  the 
elasticity  of  the  gas  in  terms  of  tlie  same  units  in  which  the 
distance  Op  measures  the  pressure  of  the  gas.  Hence  the  prac- 
tical ride  for  finding  the  elasticity  of  a  gas  at  any  point  P  of 
the  isothermal  curve  is  as  follows:  Draw  the  tangent  PE  to  the 
isothermal  curve  at  /',  Fig.  1S1.  and  at  the  same  time  drop  the 
perpendicular  Pp  from  P  upon  the  axis  of  pressures,  then  the 
intercei>t  Op  will  represent  the  pressure  of  the  gas  under  that 
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condition,  and  j^E  -will  indicate  the  elasticity  of  The  gas  under 
the  same  condition. 

There  is  another 
beautiful  result  which 
may  be  obtained 
f]*oni  this  diagram, 
owing  to  a  remark- 
able property  of  the 
rectangular  hyper- 
bola. If  from  any 
point  P  on  this 
curve,  a  tangent  is 
drawn.  and  also 
from  the  same  point 
a  p  erp  en  di  cul  a  r  i  s 
let  fall  upon  one  of 
tlie  asymptotes,  the 
foot  of  the  perpen- 
dicular bisects  the 
intercept  produced  by  the  tangent  upon  the  asymptote.  From 
this  property  of  the  rectangular  hyperbola,  it  is  seen  in  the 
diagram  that  the  point  p  bisects  the  line  0  E,  and  therefore 


The  elasticity  of  a   gas  is  numerically 
equal   to   the   pressure. 


pE  =  Op. 


But  pE  represents  the  elasticity  of  the  gas  and  Op  the  pressure. 
.Therefore,  in  a  gas  which  is  compressed  according  to  Boyle's 
law,  whereby  the  condition  of  the  gas  may  be  represented  by 
a  point  upon  an  isothermal  curve,  the  elasticity  of  the  gas  is 
numerically  equal  to  the  pressure. 

286.  The  Isothermals  for  Carbonic  Acid  Gas.  If  a  mass  of 
carbonic  acid  gas  is  enclosed  in  a  cylinder  and  subjected  to  pres- 
sure by  forcing  in  a  piston,  it  M-ill  be  found  that,  if  the  com- 
pression is  carried  on  isothermally,  the  gas  will  obey  Boyle's  law 
almost  exactly  until  the  pressure  has  increased  to  twenty  or 
thirty  atmospheres.  As  the  pressure,  however,  increases  further, 
the   slight  deviations  from   this  law.  which  have  already  been 
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apparent,  increase  in  magnitude,  and  the  volume  diminishes 
more  rapidly  than  the  pressure  increases.  If  the  isothermal  com- 
pression is  conducted  at  the  temperature  of  13°  ,1  C,  the  pres- 
sure will  increase  until  it  reaches  49  atmospheres,  at  which  point 
the  gas  begins  to  liquefy.  That  is,  the  vapor  of  carbonic  acid 
becomes  saturated  at 
tliis  temperature  and 
pressure.  If  the  vol- 
ume is  now  still  fur- 
ther reduced,  the  pres- 
sure remains  perfectly 
constant  until  the  va- 
por has  been  entirely 
liquefied.  After  this, 
a  further  attempt  to 
diminish  the  volume 
will  cause  tlie  pres- 
sures to  rise  enormous- 
ly, since  the  liquid  is 
practicably  incompres- 
sible. The  form  which 
the  isothermal  curve 
for  13°. 1  assumes  dur- 
ing the  liquefaction  of 
the  gas  is  indicated  in 
Fig.  182.  Here,  to  save 
spac(\  only  tlio  upper 
])ortion  of  tlie  curve  is 
shoA\n,  the  true  origin 
of  pressures  being 
al)out  four  inclies  below,  so  that  the  l)ottom  of  tlie  figure  repre- 
sents a  pressure  of  45  atmospheres. 

If  a  similar  compression  is  conducted  at  21°. 5,  the  gas  will 
behave  in  an  analogous  manner,  but  the  pressure  will  rise  to 
C)()  atmospheres  before  liquefaction  occurs.  This  means  that  the 
saturated  vapor  of  carbonic  acid  at  21°. 5  exerts  a  vapor  pres- 
sure of  60  atmospheres.  Since  the  liquefaction  now  begins,  the 
pressure  remains  perfectly  constant  at  this  figure  until  tlie  vapor 
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has  all  been  reduced  to  the  liquid  state.  As  soon  as  this  has 
been  attained,  the  pressure  rises  very  rapidly  for  a  small  de- 
crease of  volume,  oMing  to  the  difficulty  of  compressing  the 
liquid.  The  volume  of  the  liquid  carbonic  acid  at  21°. 5  is 
greater  than  tliat  at  13°. 1  because  of  the  large  coefficient  of  ex- 
pansion of  this  liquid.  In  this  curve,  as  also  in  the  isothermal 
for  13°.],  the  portion  traced  during  the  liquefaction  of  the  gas 
is  horizontal,  sho^ving  that  the  pressure  remains  perfectly  con- 
stant during  the  diminuation  of  the  volume  of  the  saturated 
vapor. 

If  an  isothtrmal  curve  is  drawn  for  a  temperature  of  31°.l, 
it  will  be  found  that  the  form  of  this  curve  will  be  totally  differ- 
ent from  either  of  the  others.  The  volume  of  the  gas  Mill  di- 
minish as  the  pressure  increases  until  a  pressure  of  73  atmos- 
pheres is  reached.  The  pressure  then  increases  but  slowly,  while 
the  volume  diminishes  very  rapidlj^,  but  not  the  sliglitest  trace  of 
liquefaction  is  to  be  seen.  A  further  reduction  of  tlie  volume, 
however,  causes  an  enormous  rise  of  pressure,  very  much  as 
if  the  effort  were  made  to  compress  a  liquid.  The  forms  Avhieh 
the  isothermals  assume  when  the  compression  is  carried  on  at 
32°.5;  35°. 5.  and  48°. 1  may  be  better  understood  from  the  fig- 
ure than  can  be  told  in  words. 

287.  The  Critical  Temperature.  Dr.  Andrews  of  England, 
who  conducted  the  series  of  experiments  just  described,  has 
shown  that  there  is  a  certain  temperature  for  carbonic  acid 
above  which  no  amount  of  pressure  will  condense  the  gas  to  the 
liquid  form.  This  temperature,  which  is  30°. 92,  he  called  the 
critical  temperature;  and  the  corresponding  pressure,  72 VL-  at- 
mospheres, he  called  the  critical  pressure.  For  all  gases  a  sim- 
ilar critical  point  has  been  found,  the  temperature  of  which 
depends  upon  the  nature  of  the  gas.  Accordingly,  as  has  been 
defined  in  a  former  paragraph  (p.  292),  the  critical  temper- 
ature of  a  gas  is  that  temperature  above  wliicl\  no  pressure, 
however  great,  v'ill  reduce  the  gas  to  the  liquid  form. 

The  isothermal  of  the  critical  temperature.  Fig.  J  82,  divides 
the  plane  of  the  diagram  into  two  parts.  The  part  to  the  right 
of  this  line  may  be  called  the  gaseous  region,  because  at  a  tem- 
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peratiire  above  30°. 92  carbonic  acid  behaves  exactly  like  a  per- 
manent gas,  that  is,  above  this  temperature  it  cannot  be  liquefied 
by  pressure.  The  region  to  the  left  of  this  isothermal  may  be 
divided  into  three  parts.  The  part  enclosed  by  the  dotted  line 
represents  the  gas  as  partly  in  the  condition  of  a  vapor  and 
partly  in  the  condition  of  a  liquid.  That  is,  within  this  region 
tlie  saturated  vapor  can  exist  in  contact  with  the  liquid,  the  two 
being  separated  by  a  clearly-marked  surface.  The  region  to  the 
right  between  the  dotted  line  and  the  isothermal  for  the  crit- 
ical temperature  may  be  called  the  region  of  the  unsaturated 
vapor,  because  here  the  gas  is  below  the  critical  temperature, 
and  a  decrease  in  the  volume  will  produce  an  increase  in  the 
pressure.  Finally,  the  portion  of  the  diagram  to  the  left  of 
these  two  lines  represents  the  region  of  the  liquid. 

This  wonderful  characteristic  of  the  critical  temperature  has 
led  Dr.  Andrews  to  use  this  point  as  the  feature  which  distin- 
gitishes  a  gas  from  a  vapor.  Inasmuch  as  the  properties  of  many 
vapors  can  be  determined  only  when  they  are  in  contact  with 
their  liquids,  and  since  this  is  possible  only  at  a  temperature 
below  the  critical  temperature,  Dr.  Andrew^s  has  defined  a  vapor 
to  be  a  gas  at  a  temperature  below  the  critical  temperature.  To 
use  his  own  words:  ''We  may  accordingly  define  a  vapor  to  be 
a  gas  at  any  temperature  under  its  critical  point.  According 
to  this  definition,  a  vapor  may,  by  pressure  alone,  be  changed 
into  a  liquid,  and  may  therefore  exist  in  the  presence  of  its  own 
liquid;  while  a  gas  cannot  be  liquefied  by  pressure — that  is.  so 
changed  by  pressure  as  to  become  a  visible  liquid  distinguished 
by  a  surface  of  demarcation  from  the  gas." 

Although  tlie  experiment  is  not  unattended  with  the  clanger 
of  an  explosion,  it  is  possible,  by  first  guarding  one's  eyes  with 
a  sheet  of  glass,  carefully  to  warm  a  sealed  glass  tube  half  filled 
with  liquid  carbonic  acid  to  a  point  above  the  critical  temper- 
ature for  this  gas.  At  ordinary  room  temperatures,  the  lower 
part  of  the  tube  is  filled  w^ith  the  clear,  colorless  liquid,  while 
the  upper  part  is  filled  with  saturated  vapor,  the  two  being 
separated  by  a  distinct  liquid  surface  with  a  well-defined 
meniscus.  As  the  tube  is  Avarmed.  the  increased  kinetic  energy 
of  the  molecules  causes  the  liquid  rapidly  and  enormously  to 
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expand,  and  thns  to  decrease  in  densit}^,  while  the  more  rapid 
evaporation  and  the  decreased  volume  occnpied  by  the  vapor 
cause  the  latter  greatl.y  to  increase  in  density.  At  the  critical 
temperature,  the  density  of  the  vapor  exactly  equals  that  of  the 
liquid,  so  that  the  surface  suddenly  vanishes,  and  the  distinction 
between  the  two  disappears. 

The  tube,  which  is  then  al)ove  the  critical  temperature  of  the 
liquid,  remains  uniformly  tilled  with  the  gas  which  no  amount 
of  pressure  could  ever  reduce  to  the  liquid  form,  even  though 
the  density  were  thus  made  many  times  as  great  as  that  of  the 
liquid.  This  indicates  that  above  the  critical  temperature  the 
kinetic  energy  of  the  molecules  is  so  great  that,  although  these 
particles  are  forced  by  pressure  very  near  together,  it  is  im- 
possible for  the  cohesive  forces  to  act  and  form  a  liquid.  As 
soon,  however,  as  the  temperature  falls  below  the  critical  tem- 
perature, a  white  cloud  is  momentarily  formed,  within  which 
the  meniscus  is  seen  to  separate  the  liquid  below  from  the  sat- 
urated vapor  above. 

No  energy  change  occurs  at  the  critical  temperature,  such  as 
otherAvise  attends  the  volatilization  of  a  liquid  or  the  conden- 
sation of  a  vapor. 

288.  Adiabatic  Compression   and  Adiabatic  Lines,     In  the 

eomi^ression  of  a  gas,  as  we  have  heretofore  considered  it,  we 
have  assumed  that  the  walls  of  the  cylinder  and  also  the  piston 
are  good  conductors  of  heat.  AA-hen,  therefore,  the  temperature 
of  the  gas  is  raised  by  compression,  heat  wdll  flow  from  the 
gas  tlirough  the  walls  into  the  surrounding  medium,  which  is 
kept  at  a  constant  temperature,  and  when  the  temperature  of 
tlie  gas  is  lowered  by  expansion,  heat  wall  flow  from  the  sur- 
rounding medium  into  the  gas ;  and  hence  we  have  assumed  that 
however  the  pressure  and  volume  may  vary,  the  gas  always 
remains  at  a  constant  temperature.  This  is  what  is  meant  by 
the  isotliermcd  compression  or  expansion  of  the  gas. 

It  is  possible,  however,  to  compress  or  to  expand  a  gas  under 
conditions  very  different  from  those  just  considered,  and  these 
altered  conditions  give  rise  to  an  entirely  new  law  governing 
the  relation  between  pressure  and  volume.    We  will  now  assume 
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the  gas  to  be  enclosed  in  a  cylinder  provided  with  a  piston,  as 
before,  but  in  this  instance  we  also  assume  that  the  walls  of  the 
cylinder,  as  well  as  the  piston,  are  absolute  non-conductors  of 
heat,  so  that  ^vhether  the  temperature  of  the  gas  is  high  or  low, 
no  heat  can  2}ass  through  the  walls,  either  from  the  gas  to  the 
medium  outside,  or  from  the  outside  medium  to  the  gas  within. 
If,  therefore,  the  gas  is  compressed  in  such  a  cylinder,  the  heat 
produced  by  the  compression  remains  in  the  gas  itself,  and  so 
raises  its  temperature;  and  if  the  gas  expands,  the  cold  pro- 
duced by  the  expansion  lowers  the  temperature  of  the  gas.  and 
the  latter  remains  at  a  low  temperature  because  no  heat  can 
pass  through  the  walls  in  either  direction.  The  compression 
or  expansion  of  a  gas  when  enclosed  in  a  cylinder  of  this  nature, 
is  known  as  adiabatic.  The  word  adiabatic  means  "cannot  pass 
through";  and  therefore  the  adiabatic  compression  of  a  gas 
means  a  gas  compressed  in  such  a  waj^  that  the  heat  produced 
by  the  compression  ''cannot  pass  through"  the  walls  of  the 
containing  vessel. 

"When  the  volume  of  the  gas  is  diminished,  the  pressure  in- 
creases more  rapidly  for  adiabatic  compression  than  for  iso- 
thermal. This  may  be  seen  if  we  assume  for  a  moment  that  the 
compression  takes  place  isothermally,  in  which  case  the  point 
P,  Fig.  183,  will  move  to  P' 
along  the  isothermal  curve  PP\ 
and  the  volume  Ov  will  be  re- 
duced to  the  volume  Ov' .  After 
this  isothermal  compression  has 
taken  place,  we  may  think  of 
the  gas,  which  now  occupies 
the  volume  Ov',  as  lieated  from 
Avithout.  until  it  acquires  the 
same  temperature  which  it 
would  have  had  if  the  compres- 
sion from  the  volume  Ov  to 
Ov'  has  taken  place  adiabati- 
cally.    "When  now  the   gas   is 

heated,  the  volume  Ov'  remaining  constant  during  the  heating, 
the  pressure  increases  according  to  the  law  of  Charles,  and  will 
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rise  f]^oni  tlie  pressure  /"  to  some  other  value  such  as  T'\  which 
is  higher  than  F' .  The  gas  then  has  the  temperature  which  it 
Avould  have  had  if  the  compression  had  taken  place  adiabatically : 
and  hence,  as  the  volume  of  the  gas  is  reduced  adiabatically  from 
Ov  to  Ov' ,  tlie  pressure  increases  from  Op  to  Op'\  and  tlie  point 
P  will  trace  out  the  curve  PP",  which  is  a  portion  of  the  adiabatic 
curve.  Since  P  is  common  to  both  curves,  and  since  P''  on  the 
adiabatic  curve  is  higher  than  P'  on  the  isothermal  cuin^e.  it 
follows  that  the  adiabatic  curve  is  steeper  than  the  isothermal. 

AYe  see,  accordingly,  that  for  a  given  diminution  of  volume, 
tlie  pressure  rises  more  rapidly  for  adiabatic  than  for  isother- 
mal compression,  and  therefore  the  elasticity  of  the  gas  (p.  310) 
is  greater  when  the  gas  is  compressed  adiabatically  than  when 
it  is  compressed  isothermall.y.  There  are,  accordingly ,  tivo  elas- 
ticities of  a  gas,  one  for  adiabatic  compression  and  the  other  for 
isothermal  compression.  Furthermore,  it  may  be  shown 
mathematically  that  the  ratio  of  these  two  elasticities  is  the 
same  as  the  ratio  of  their  two  specific  heats  (p.  262).    That  is, 

Elas-ticitv  under    adiabatic    comiiressinn   

■r;; : — : : ; —    1.41. 

rjlasticity  under  isothermal  compression 

During  adiabatic  compression  or  expansion  the  gas  does  not 
obey  Boyle's  law. 

289.  The  Work  done  in  Compressing-  a  Gas.  We  have  seen 
that  a  single  point  in  a  diagram  such  as  we  have  considered  en- 
ables us  to  determine  the  condition  of  a  gas  as  regards  its  vol- 
ume and  pressure,  and  that  this  point,  as  it  moves,  traces  out  a 
curve  which  is  isothermal  or  adiabatic  according  to  the  nature 
of  the  compression  or  expansion.  This  same  diagram  enables 
us  also  to  determine  the  work  done  in  compressing  a  gas,  as 
may  be  seen  from  the  following  consideration. 

Let  us  suppose,  as  before,  that  the  mass  of  gas  is  enclosed  in 
a  cylinder  provided  with  a  piston,  and  that  the  area  of  this  piston 
is  A,  Fig.  184.  Let  us  suppose  also  that  the  gas  exerts  a  pressure 
of  p  units  of  force  per  unit  of  area  within  the  cylinder,  so  that 
the  total  force  upon  the  piston  is  Aj).     If  this  piston  is  held  in 
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Work   is  pi-Tforiiii'il  in  com- 
pressing   a    gas. 


tlie  f-yliiidcr  by  an  external  force  F,  then  the  force  from  without 
hohls  in  equilibrium  the  force  from  within,  and 

P  =  Ap. 

As  the  piston  is  forced  into 
the  cylinder  to  compress  the 
gas.  P  must  increase  and  this 
causes  p  likewise  to  increase. 
In  \vhat  follows,  therefore,  we 
shall  assume  P  to  he  the  aver- 
nge  external  force  upon  the 
piston  and  p  to  be  the  average 
pressure  of  the  gas,  that  is,  the  average  force  per  unit  of  area 
within  the  cylinder.  If  now  the  piston  is  pushed  into  the  cylin- 
der tlirough  tlie  distance  x,  thus  diminishing  the  volump.  the 
Avork  done  hy  tliis  compression  is 

Work  =z  Px  =  Apx. 

I  Jut  .1  is  tlie  area  of  the  piston  and  x  is  the  distance  tlirough 
which  the  ])iston  has  moved,  therefore  Ax  represents  the  de- 
crease in  ilie  volume  of  flio  gets,  because  the  volume'  of  a 
cylinder  equals  the  area  of  its  base  multiplied  l)y  its  height. 
Letting  1  rcpivsent  this  decrease  in  volume  during  compression, 
we  have 

V  =  Ax. 

^ulistituting  this  value  foi-  A.r  in  the  above  expression  for  work. 
Wf  liave 


Work  =  Vp. 

Therefore,  ilie  worJ:  done  in  compressing  a  gus  equeds  ilie  prod- 
vci  of  ill  I  (■h(ni(i<  of  volume  u-Jrich  has  talen  place  and  th^ 
art  rage  pr<ssHr(  of  ihr  gas  during  compression.  It  is  to  be  ob- 
served that  this  expi-ession, 
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■\Vork  =  Vp, 


is  entirely  independent  of  the  area  of  the  piston  and  of  the 
shape  or  size  of  the  cylinder  containing  the  gas,  and  depends 
solely  upon  the  decrease  in  volume  which  has  taken  place  and 
upon  the  average  pressure  exerted  by  the  gas  during  compres- 
sion. 

The  determination  of  the  amount  of  work  done  during  the 
compression  of  a  gas  becomes  not  only  very  evident,  but  very 
simple  if  we  call  to  our  aid  the  diagram  of  volumes  and  pres- 
sures heretofore  considered.  Again,  if  the  horizontal  line  rep- 
resents the  axis  of  volumes  and  the  vertical  line  the  axis  of 
pressures,  Fig.  185,  the  point  P  indicates  that  the  gas  at  that 

instant  has  a  volume  represented 
by  Ov  and  a  pressure  represented 
by  Op,  or  its  equal  vP.  If  the  gas 
is  now  compressed  so  that  it  occu- 
pies the  volume  represented  by 
Ov',  the  change  in  volume  is  indi- 
cated by 

Ov  —  Ov'  =  vv'. 

During  this  change,  the  point  F 
has  moved  from  P  to  F'  along  a 
curve  which  may  be  either  isother- 
mal or  adiabatie,  where  TP'  is  a 
portion  of  this  curve  so  small  that 
it  may  be  considered  straight.  The  pressure,  in  the  meanwhile, 
has  increased  from  Op  to  Op',  the  average  pressure  being 


Fig    185.     Diagram    showing   the 
the   work   done   in    compressing 


Op  4-   Op 
2 


or,  what  is  the  same  thing, 


P+r'P' 
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AVe  have  seen  above,  however,  that  the  work  done  in  compress- 
ing a  gas  is  equal  to  the  change  of  volnme  multiplied  by  the  av- 
erage pressure,  so  that 


represents  the  work  Avliich  has  been  done  during  this  compres- 
sion.    But 

r  /'+  v    P' 


is  the  average  height  of  the  figure  vv'P'P,  and 


/•  P  +  /  P' 


is  therefore  also  the  area  of  this  qufldrilateral.  The  work  done^ 
therefore,  in  compressing  the  gas  from  the  volume  Ov  to  the 
volume  Ov',  while  the  pressure  changes  from  vP  to  v'P' ,  is  rep- 
I'esented  by  the  area  vv'P^P.  If  on  the  other  hand,  we  consider 
that  the  gas  expands  from  the  volume  Ov'  to  the  volume  Oi\ 
while  in  so  doing  the  pressure  falls  from  d'P'  to  vP,  then  the 
gas  does  an  amount  of  Avork  represented  by  the  area  vv'P'P. 

It  is  to  be  observed  that  if  the  point  P  moves  to  the  right  as 
it  traces  its  curve  in  the  diagram,  the  gas  itself  does  the  work, 
and  the  work  thus  done  by  the  gas  may  be  called  positive.  If, 
however,  the  point  P  moves  to  the  left,  then  it  is  the  outside  force 
that  compresses  the  gas  and  does  the  work,  and  the  w^ork  thus 
done  upon  the  gas  may  be  called  negative.  For  example,  refer- 
ring to  the  last  diagram,  if  the  gas  expands  from  the  volume 
Ov'  to  Ov,  thus  pushing  back  the  external  presvsure,  the  pressure 
of  the  gas  changing  from  v'P'  to  vP  in  so  doing,  the  gas  itself 
performs  aii  amount  of  work  represented  by  the  area  vv'P'P, 
the  point  P  moves  to  the  right,  and  this  amount  of  work  is  posi- 
tive. If,  on  the  other  hand,  the  outside  force  compresses  the  gas, 
changing  its  .volume  from  Ov  to   Ov'  while  the  pressure  rises 
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from  Op  to  Op',  then  the  outside  force  does  an  amount  of  work 
upon  the  gas  indicated  by  the  area  vv'P^P,  the  point  P  moves 
to  the  left,  and  this  amount  of  Avork  is  negative.  An  application 
of  this  important  principle  will  be  made  in  the  consideration  of 
€arnot's  cycle   (p.  325). 

290.  The  Mechanical  Equivalent  of  Heat — The  First  Law 
of  Thermodynamics.  The  investigations  of  Count  Eumford 
and  Sir  Iluinphrey  Davy  (p.  231)  established  beyond  a  doubt 
the  fact  that  heat  is  a  form  of  energy.  It  remained,  however, 
for  James  l^reseott  Joule  to  make  an  absolute  determination  of 
the  relation  between  the  quantity  of  heat  developed  and  the 
mechanical  energy  expended.  Joule's  apparatus  consisted  of 
a  falling  weight,  Fig.  186,  which  set  in  motion  a  paddle-wheel 
in  a  cylinder  filled  with  water.     In  this  experiment  the  energy 

represented  by  the  falling- 
weight  was  consumed  in 
cliurning  the  water  with- 
in the  cylinder,  and  this 
produced  a  rise  of  tem- 
perature of  the  water. 
After  many  years  of  the 
most  zealous  labor,  Joule 
announced  as  the  result 
of  these  investigations 
that  the  work  done  by 
the  mass  of  one  pound 
falling  through  the  dis- 
tance of  772  feet,  when 
transformed  into  heat, 
will  raise  the  tempera- 
ture of  1- pound  of  water 
1°  F.  Expressed  in  terms 
of  the  modern  units  of 
measurements,  this  is  the 
equivalent  of  expending  4180  .joules  of  work  to  develop  1  larger 
calorie  of  heat,  the  .ioule  being  thus  named  in  honor  of  this  great 
investigator  who  conceived  and  carried  out  this  remarkable  re- 
search. 


Fig  1S6.     Joule's  device  for  determining  tlie 
mocl.anical  equivalent  of  lieat. 
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AVliile  these  results  were  of  the  greatest  importance,  it  was 
recognized  that,  inasmuch  as  Joule  w^orked  with  a  comparatively 
small  amount  of  water,  and  that  this  was  raised  only  a  single 
degree  F.,  the  exact  figure  which  he  announced,  expressing  the 
relation  between  energy  expended  and  heat  developed,  might  be 
somewhat  in  error.  The  fact  that  later  experimenters  with  im- 
proved apparatus  obtained  values  which  are  almost  identical 
with  this  points  to  the  infinite  care  and  devotion  with  which 
Joule  conducted  his  work. 

Later,  Rowland  of  Johns  Hopkins  University,  made  a  rede- 
termination of  the  mechnical  equivalent  of  heat,  working 
with  a  larger  quantities  than  Joule  and  taking  greater  precau- 
tions. RowlancT  drove  his  paddle-wheel  by  a  steam  engine  and 
determined  the  amount  of  work  done  by  measuring  the  moment 
of  the  couple  required  to  prevent  the  cylinder  containing  the 
Avater  from  turning.  At  the  conclusion  of  these  experiments. 
which  were  conducted  with  the  utmost  accuracy,  he  announced, 
as  the  result,  that  to  develop  one  calorie  of  heat  requires  the  ex- 
penditure of  427  kilogrammeters  of  work.  This  result,  namely, 
that  one  calorie  of  heat  is  the  ecjuivalent  of  427  kilogrammeters, 
or  4187  .joules,  of  mechanical  energy  expended  is  called  the 
meclianical  equivalent  of  heat,  or  Joule's  equivalent. 

The  fact  that  a  perfectly  definite  relation  exists  between  the 
quantity  of  heat  developed  and  the  amount  of  mechanical  energy 
expended  lies  at  the  basis  of  all  our  modern  conceptions  re- 
garding  the  nature  of  heat.  Indeed,  this  fact  has  been  so  firmly 
established  that  the  statement  of  this  truth  is  now  called  the 
first  law  of  thermodynamics;  and  may  be  expressed  in  the  fol- 
lowing words:  To  a  quanUty  of  heat  developed  there  corresponds 
a  perfectly  definite  amount  of  meehanical  energy  expended. 

291.  Carnot's  Cycle.  "We  shall  now  examine  the  action  of 
an  ideal  engine  in  which  the  material  upon  which  tlie  various 
operations  are  performed  may  be  considered  as  a  gas,  and  the 
expansions  and  compressions  of  this  gas  are  supposed  to  take 
place  isothermally  or  adiabatically.  This  engine  is  wholly 
ideal  in  its  action :  but,  although  it  cannot  be  constructed,  it  is, 
nevertheless  most  useful  in  giving  information  regarding  the 
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djaiamical  theory  of  heat.  All  parts,  therefore,  may  be  imagined 
to  be  created  for  the  pure  purpose  of  explanation.  Its  concep- 
tion is  due  to  Carnot,  and  the  various  processes  herein  employed 
are  known  as  Carnot 's  cycle  of  operations,  or  Carnot 's  engine. 
In  the  study  of  Carnot 's  cycle,  we  assume  a  mass  of  gas  en- 
closed in  a  cylinder  provided  with  a  piston.  Fig.  187,  but  the 
■w'alls  of  the  cylinder  and  also  the  piston  are  assumed  to  be  ab- 
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Fig.  1S7.      Cariiot's  eugine. 
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solutely  imprevious  to  heat,  that  is,  perfect  non-conductors  of 
heat,  while  the  bottom  of  the  cylinder  is  assumed  to  be  a  perfect 
conductor  of  heat,  so  that  the  enclosed  gas  will  always  be  at  the 
temperature  of  the  surface  upon  which  the  cylinder  is  placed. 
We  further  assume  that  we  have  two  indefinitely  large 
reservoirs  of  heat,  one,  called  the  hot  body,  being  maintained  at 
the  absolute  temperature  T,  and  the  other,  called  the  cold  body, 
or  the  refrigerator,  being  maintained  at  the  absolute  temper- 
ature t.  In  other  words,  we  assume  these  bodies  to  be  so  large 
that  if  a  small  quantity  of  heat  is  added  to  them  or  taken  from 
them,  their  temperatures  will  not  be  materially  changed.    ^More- 
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over,  we  assume  the  existence  of  a  third  body  which  is  a  perfect 
insulator  for  heat  so  that  no  heat  may  be  conducted  either  to 
or  from  the  cylinder  of  gas  when  placed  upon  it.  We  m.ay,  in- 
deed, assume  that  this  third  body  is  an  insulating  stand,  of  such 
nature  that  Avhen  the  cylinder  is  placed  upon  it,  the  gas  is  com- 
l^letely  cut  off  from  a  flow  of  heat. 

The  meaning  of  tlie  word  cycle  as  applied  to  the  series  of  op- 
erations which  we  are  about  to  describe  means  that  the  gas  in 
the  cylinder  is  to  be  carried  through  a  number  of  operations, 
and  is  finally  to  be  brought  back  again,  so  that  the  condition  of 
tlie  gas  will  be  in  every  way  the  same  at  the  end  of  these  oper- 
ations as  it  was  in  the  beginning.  This  cycle  consists  of  four 
separate  operations  which  must  be  carried  out  in  order,  any 
one  of  which,  however,  may  be  taken  as  the  first  one.  "We  shall, 
therefore,  begin  this  cycle  as  follows : 

Operation  1.  The  cylinder  containing  the  gas  at  the  temper- 
ature t  of  the  cold  body  is  placed  upon  the  insulating  stand  and 
the  i)iston  pressed  down,  thereby  compressing  the  gas.  Inas- 
mucli  as  no  heat  can  flow  through  the  conducting  bottom  of  the 

cylinder,  since  this  is  on  the 

insulating    stand,    the    heat 

produced    by   the    compres- 
sion remains  in  the  gas,  and 

the  point  P,  Fig.  188,  which 

indicates    the    condition    of 

the  gas  as  the  cylinder  was 

placed     on    the     insulating 

stand,  now  moves  along  the 

adiabatic  line  PQ.    The  adi- 

abatic    compression    is   now 

continued  until  the  temper- 
ature of  the  gas  rises  to  the 

temperature    T    of  the   hot 

body.      In    producing    this 

compression,      the      outside 

force  which  pressed  the  piston  down  has  performed  upon  the  gas 

an  amount  of  work  equal  to  PQha,  and  since  the  point  in  the 

diagram  moves  to  the  left,  this  may  be  considered  negative  work 


b 
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Operation  2.  Tlie  cylinder  is  then  removed  from  tlie  insulat- 
ing stand  and  placed  upon  the  hot  body  and  the  piston  allowed 
to  rise.  The  gas  then  expands,  and  an  amount  of  heat  equal  to 
H  at  the  temperature  T  flows  into  the  gas  through  the  conduct- 
ing bottom  of  the  cylinder.  As  the  gas  expands,  the  moving 
point  in  the  diagram  moves  to  the  right  along  the  isothermal 
curve  QR  and  the  gas,  therefore,  does  an  amount  of  positive 
work  equal  to  the  area  QRcb. 

Operation  3.  The  cylinder  is  now  placed  upon  the  insulating 
stand,  and  the  gas  allowed  to  expand  adiabatically  until  the 
temperature  falls  to  that  of  the  cold  body,  t.  During  this 
process  the  moving  point  in  the  diagram  describes  the  adiabatic 
curve  BS ;  and  since  the  point  moves  to  the  right,  the  gas  does 
an  amount  of  positive  work  represented  by  the  area  BSdc. 
]\Ioreover,  this  work  is  done  at  the  expense  of  the  heat  which 
the  gas  contained,  hence  the  temperature  falls. 

Operation  4.  The  cylinder  of  gas,  which  is  now  at  the  tem- 
perature t,  is  placed  upon  the  cold  body,  and  the  piston  forced 
down.  The  gas  is  then  compressed  isothermally  at  the  temper- 
ature of  the  cold  body  until  it  has  again  attained  its  original 
volume  indicated  by  P  in  the  diagram,  and  an  amount  of  heat 
equal  to  h  at  the  temperature  t  is  forced  from  the  gas  into  the 
cold  body.  The  moving  point  in  the  diagram  moves  to  the  left 
along  the  isothermal  SP,  and  indicates  that  an  amount  of  nega- 
tive work  equal  to  the  area  SPad  has  been  done  by  the  outside 
force  upon  the  gas. 

At  the  end  of  these  four  operations  the  gas  is  in  exactly  the 
same  condition  as  at  the  beginning,  for  it  once  more  has  the  tem- 
perature t  of  tlie  cold  body,  and  its  volume  and  pressure  are 
again  indicated  as  before  by  the  point  P  in  the  diagram.  Dur- 
ing the  second  operation,  however,  a  quantity  of  heat  equal  to 
H,  at  the  temperature  T,  flowed  from  the  hot  body  into  the  gas, 
and  in  the  fourth  operation  a  quantity  of  heat  equal  to  li.  at  the 
temperature  t,  passed  from  the  gas  into  the  cold  body.  During 
the  first  and  third  operations,  the  gas  neither  received  nor 
gave  up  heat.  IMoreover,  during  the  second  and  third  opera- 
tions the  gas  performed  an  amount  of  positive  work  equal  to  the 
area  QRSdh,  while  during  the  first  and  fourth  operation  the 
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outside  pressure  did  an  amount  of  negative  work  upon  the  gas 
equal  to  the  area  SPQbd.  Accordingly,  the  amount  of  work  per- 
formed by  the  gas  in  excess  of  the  work  performed  upon  it  is 
tlie  area  of  the  figure  PQRS. 

The  results  accomplished  by  this  series  of  four  operations 
upon  the  gas  are  three  in  number,  as  follows: 

1.  An  amount  of  heat  equal  to  H  at  the  temperature  T  has^ 
been  drawn  from  the  hot  body. 

2.  An  amount  of  heat  equal  to  li  at  the  temperature  t  has  been 
delivered  to  the  cold  body. 

3.  An  amount  of  mechanical  work  equal  to  the  area  of  the 
figure  PQFS  has  been  performed. 

It  is  to  be  observed  that  two  results  are  produced  by  the  quan- 
tity of  heat  n  which  is  drawn  from  the  hot  body: 

1.  A  quantity  of  heat  equal  to  h  has  been  transferred  to  the 
cold  body. 

2.  A  quantity  of  mechanical  work  equal  to  PQI^S  has  been 
performed. 

Therefore,  a  quantity  of  heat  has  passed  from  a  higher  tem- 
perature to  a  lower  temperature,  and  an  amount  of  mechanical 
work  has  been  performed. 

292.  The  Indicator  Diagram  and  the  Efficiency  of  the  Steam 
Engine.  In  practice  this  theoretical  cycle  of  Carnot  finds  its 
application  in  the  indicator  card,  or  indicator  diagram,  which 
may  be  taken  from  an}'-  actual  steam  engine  in  operation,  and 
which  shows  the  amount  of  work  the  engine  is  doing.  In  taking 
this  diagram,  a  pencil  point  is  made  to  move  automatically  in 
the  horizontal  direction  by  the  stroke  of  the  piston,  and,  at  the 
same  time,  it  is  actuated  in  the  vertical  direction  by  the  pressure 
of  the  steam  in  the  cylinder.  Distances  in  the  horizontal  direc- 
tion, therefore,  are  proportional  to  the  volume  of  the  steam  in 
the  cylinder,  while  distances  in  the  vertical  direction  are  pro- 
portional to  the  varying  pressure  of  the  steam.  After  one  com- 
plete stroke  of  the  engine  forward  and  back,  the  steam  in  the 
cylinder  is  again  in  its  initial  condition,  so  that  the  pencil  point 
has  traced  a  closed  cui^-e.  Fig.  189.  which  roughly  resembles  the 
figure  PQh'S  of  Carnot 's  cycle.    AYhile  the  st(am  ports  are  open^ 
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the  expansion  or  compression  of  the  steam  takes  phice  nearly 
isothermally,  and  when  the  steam  ports  are  closed,  these  changes 
occur  approximately  adiabatically.  The  area  of  the  diagram 
is  then  carefully  measured,  and  from  this  is  computed  the  Avork 
/Which  the  engine  is  doing. 


P  s 

Fig.  ISO.     A  steam  engine  indicator  diagram. 

In  the  ordinary  high  pressure  steam  engine,  the  hot  body  is 
the  boiler,  and  its  temperature,  T,  is  the  temperature  of  the 
steam  as  it  is  delivered  to  the  cylinder;  while  the  cold  body  is 
the  air,  into  which  the  exhaust  steam  is  forced,  and  its  tempera- 
ture, t,  is  100°  C,  which  is  the  temperature  at  which  steam  can 
exist  at  atmospheric  pressure.  Since  the  quantity  of  heat  H  is 
taken  from  the  hot  body,  or  the  boiler,  and  since  the  quantity 
li  is  given  to  the  cold  body,  that  is,  forced  out  into  the  air,  it 
follows  that  the  difference  between  these  two,  namely, 

H  —  h 

lias  been  converted  into  work.  ^Moreover,  the  ratio  of  this  amount 
of  heat  which  has  been  converted  into  work  to  the  quantity  origi- 
nallv  taken  from  the  hot  bodv,  that  is. 


If 


11 


represents  the  efficiency  of  the  engine  (p.  ]23).  Furthermore, 
it  may  be  shown  mathematically  that  the  quantity  of  heat  U  is 
proportional  to  the  absolute  temperature  T  of  the  hot  body, 
•while  the  quantity  of  heat  li  is  proportional  to  the  absolute  tem- 
]perature  i  of  the  cold  body,  so  that 
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11  T      ' 

This,  liowevi'i',  is  true  only  in  the  theoretical  reversihle  engine. 
In  tlie  practical  engine 

J  I  -  A  .     T  -  f 
JI  T     ' 

It  is  now  easy  to  see  how  very  low  the  efficiency  of  even  the 
hest  steam  engine  really  is.  Under  a  pressure  in  the  boiler  which 
It  is  safe  to  carry,  the  steam  rarely  exceeds  a  temperature  of 
1^5=  C,  or  438°  absolute,  while  the  temperature  at  which  it 
exJiausts  into  the  o})en  air  is  300°  C,  or  373°  absolute.  When 
these  values  are  sul)stituted  for  T  and  t,  respectively,  it  is  then 
seen  tliat  the  theoretical  efficiency  of  a  steam  engine  under 
normal  conditions  can  hardly  exceed  15  per  cent.  By  taking 
tlie  precaution  to  superheat  the  steam  to  206.3°  C,  and  by  con- 
densing the  steam  in  a  chamber  at  43.1°  C.  instead  of  allow- 
ing it  to  exhaust  into  the  air  at  300°  C,  the  manufacturers  of 
the  Nordberg  quadruple  expansion  engine  are  able  to  obtain  an 
actual  efficiency  of  25. .5  per  cent,  and  a  theoretical  efficiency  of 
34  per  cent. 

Moreover,  a  low  efficiency  is  inherent  in  the  nature  of  the 
steam  engine,  for  the  efficiency  of  any  engine  depeiuls  solely 
upon  the  absolute  temperatures  of  the  tM'o  bodies  between  which 
it  works.  The  near(>r  the  temperature  of  the  cold  body  ap- 
l)roaclu-s  tlie  temperature  of  the  absolute  ;^ero,  the  higher  be- 
comes the  efficiency  of  the  engine. 

293.  The  Reversibility  of  Carnot's  Cycle,  and  the  Second 
Law  of  Thermodynamics.  One  further  beauty  of  Carnofs 
cycli'  is  the  fai-t  that  it  may  be  Avorked  backward,  and  the  sev- 
eral o])erations  may  all  be  made  to  take  plac(>  in  the  reverse 
order.  To  show  this,  let  us  again  suppose  the  gas  to  be  in  the 
cylinder  in  tlie  condition  represented  by  the  point  P.  Fig.  190, 
and  at  a  temperature  i  of  the  cold  l)ody. 
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Operation  1.  The  cylinder  is  placed  on  the  cold  body  and  the 
gas  allowed  to  expand  along  the  isothermal  PS.  During  this 
expansion  an  amount  of  heat  equal  to  It  passes  through  the  con- 
ducting bottom  of  the  cylinder  into  the  gas  within,  and  the  gas 
performs  an  amount  of  positive  work  equal  to  PSda. 

Operation  2.  The  cylin- 
der is  then  placed  on  the 
insulating  stand  and  the 
gas  compressed  ajong  the 
adiabatic  line  SR  until  the 
temperature  has  risen  to 
the  temperature  T  of  the 
hot  body.  During  this  adi- 
abatic compression  the  out- 
side force  performs  an 
amount  of  negative  work 
equivalent  to  SRcd. 

Operation  3.  The  cylin- 
der is  now  placed  on  the 
hot  body  and  the  gas  com- 
pressed along  the  isother- 
mal curve  RQ.  During  this  compression,  a  quantity  of  heat 
equal  to  //  is  transferr(Hl  to  the  hot  body  and  the  outside  pres- 
sure performs  an  amount  of  negative  work  equivalent  to  RQhc. 
Operation  4.  The  cylinder  is  finally  placed  upon  the  insulat- 
ing stand  and  the  gas  allowed  to  expand  adiabatically  along 
the  line  QP,  the  gas  therefore  performing  an  amount  of  positive- 
work  equal  to  QPah. 

During  these  four  reverse  operations,  the  gas  in  expanding 
has  performed  an  amount  of  work  equal  to  QPSdh,  wdiile  the 
outside  force  in  compressing  the  gas  has  performed  an  amount 
of  work  equal  to  SRQld.  The  work,  therefore,  which  the  out- 
side force  has  done  in  excess  of  the  work  which  the  gas  has  done 
is  the  area  of  the  figure  PQRS. 

Accordingly,  the  results  of  these  four  reverse  operations  are 
three  in  number : 

1.  A  quantity  of  heat  h  at  the  temperature  t  has  been  taken 
from  the  cold  body. 


Fig.   100.     Cariiofs  cycle — tbe  eugiue  oper- 
ating; liackwiifds. 
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2.  A  quantit}'  of  heat  II  at  the  temperature  T  has  been  trans- 
ferred to  the  hot  body. 

3.  The  outside  force  which  compressed  the  gas  has  performed 
an  amount  of  work  equal  to  PQES. 

The  great  points  to  be  observed  in  these  two  cycles  of  opera- 
tions, direct  and  reverse,  are  the  following : 

1.  That  heat  ivill  pass  of  itself  from  a  hot  hody  to  a  cold 
hody  and  perform  ivork. 

2.  That  Jieat  will  pass  from  a  cold  hody  to  a  hot  hody  only 
if  external  work  is  done  upon  it. 

The  truths  embodied  in  these  two  statements  form  the  great 
second  law  of  thermodynamics,  and  this  all-important  law  may, 
indeed,  be  expressed  in  the  words  here  given.  It  is  more  usual, 
however,  to  state  this  second  law  in  the  following  form:  Beat 
cannot  pass  ivithout  compensation  from  a  hody  of  lower  tem- 
perature to  a  hody  of  higher  temperature. 


STATIC  ELECTRICITY 


CHAPTER  XXII. 


THEORIES  AND  PHENOMENA. 


294.  Early  Discoveries.  About  six  hundred  years  before 
Christ,  the  old  Greek  philosopher,  Thales,  discovered  that 
amber  when  rubbed  with  silk  acquires  the  power  of  attracting 
light  bodies,  such  as  bits  of  chaff  and  straw  and  particles  of 
dust.  For  more  than  two  thousand  years  this  single  fact  was 
all  that  Avas  known  regarding  this  phenomenon,  and  it  was 
supposed  that  amber  was  the  only  substance  which  could  acquire 
this  remarkable  property.  Indeed,  it  was  not  until  the  year 
1600  that  Gilbert,  Avho  was  physician  to  Queen  Elizabeth,  dis- 
covered that  other  substances,  such  as  sulphur,  glass,  and  all 
resinous  bodies,  upon  being  rubbed,  acquire  this  wonderful  new 
power  possessed  by  amber.  Inasmuch  as  the  Greek  name  for 
amber  is  elektron,  the  name  ''electrics"  was  given  to  the  whole 
class  of  bodies  which  in  common  with  amber  possess  this  prop- 
erty. The  word  electricity  was  adopted  soon  afterwards  to 
indicate  the  "fluid",  as  it  was  then  supposed  to  be,  by  means 
of  which  this  effect  was  produced  in  many  otherwise  inert  sub- 
stances, and  the  term  electrification  is  still  used  to  denote  the 
condition  of  a  body  after  this  new  property  has  been  imparted 

'to  it. 

295.  Later  Investigations.  Two  generations  after  Gilbert's 
investigations,  Robert  Boyle,  in  1662,  discovered  that  there  is 
a  mutual  attraction  between  the  electrified  body  and  the  body 


EARLY    ELECTRICAL    DISCOVERIES.  333 

attracted.  This  he  proved  by  suspending  the  electrified  body 
in  such  a  way  that  it  could  turn  freely,  and  observing  that  any 
body  presented  to  it  would  attract  it,  just  as  it  in  turn  would 
attract  a  liglit  body.  This  is  simply  an  illustration  of  the 
great  truth  Avhich  Newton  saw  and  announced  later  (p.  107), 
that  a  single  force  is  only  one  of  a  pair  of  two  equal  and  oppo- 
site forces,  or  that  action  and  reaction  are  equal  and  oppositely 
directed, 

Boyle  experimented  with  many  other  substances  besides  those 
tried  by  Gilbert,  and  found  that  the  metals  alone  seemed  to  form 
an  exception  to  the  general  rule  that  bodies  become  electrified  by 
friction,  for  tliese  apparently  could  not  be  electrified.  Stephen 
Gray,  in  1736,  however,  discovered  that  the  metals  form  no  ex- 
ception, for  when  they  are  held  by  a  handle  formed  of  an 
"electric"  Avhile  being  rubbed,  they  also  become  electrified.  The 
conclusion  Avas  then  apparent  that  when  a  body  is  held  in  the 
hand  Avliile  being  rubbed,  this  condition,  Avhich  remains  upon 
"electrics",  escapes  from  the  metals,  being  conducted  away 
through  the  hand,  but  that  if  a  metal  is  provided  with  a  handle 
of  glass,  sulphur,  or  resin,  this  escape  is  prevented. 

Thus  early  was  it  seen  that  all  Ijodies  may  be  roughly  divided 
into  two  great  classes,  namely,  those  which  lose  all  traces  of 
electrification  upon  being  touched,  and  those  which  retain  their 
electrification  when  held  in  the  hand.  It  is  thought  that  the 
former  allow  the  electricity  to  pass  or  to  "flow"  through  their 
substance,  Avhile  the  latter  in  some  way  prevent  this  passage. 
Bodies  of  the  former  class,  like  the  metals,  are  therefore  called 
conductors,  wliile  bodies  of  the  latter  class,  such  as  glass,  shellac, 
hard  rubber,  sulphur,  amber,  sealing-wax,  flannel,  silk,  etc..  are 
called  non-conductors,  or  insulators.  This  distinction,  however, 
cannot  be  too  closely  drawn,  because  there  is  no  conductor,  how- 
ever good,  that  does  not  offer  some  opposition  to  the  passage  of 
electricity,  and  on  the  otlier  hand  there  is  no  insulator  so  perfect 
that  does  not  allow  some  slight  passage  of  electricity  through  its 
material.  The  terms  conductor  and  insulator,  therefore,  are 
wholly  relative. 

Towards  the  middle  of  the  eighteenth  century,  ijiterest  in  the 
new  study  of  electricity  was  active,  and  progress  w^as  compara- 
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Fig.  191.  Two  similarl.v 
electrifiefl  bodies  repel 
each   otber. 


tively  rapid.  In  1733  Du  Fay  investigated  the  effect  which  one 
electrified  body  has  npon  another,  and  discovered  that  this  is 
not  always  the  same.  AVe  may  repeat  his  general  line  of  experi- 
ments by  bringing  one  electrified  hard 
rubber  rod  near  another  electrified  hard 
rubber  rod  so  suspended  as  to  turn 
freely.  Fig.  191,  when  it  will  be  found 
that  the  two  will  repel  each  other.  The 
same  Avill  be  true  if  the  experiment  is 
tried  with  two  electrified  shellac  rods, 
two  electrified  sulphur  rods,  two  electri- 
fied glass  rods,  etc.  In  fact,  any  two 
l)odies  of  the  same  kind  that  have  been 
electrified  in  the  same  way  will  repel 
each  other. 

Moreover,  it  will  be  found  that  a  sus- 
pended electrified  rod  of  hard  rubber  will  also  be  repelled  by  an 
electrified  rod  of  sulphur,  sealing-wax,  shellac,  amber,  or  any 
resinous  substance,  but  that  it  will  be  attracted  by  an  electrified 
rod  of  glass.  This  shows  that  the  electrification  of  sulphur, 
sealing-wax,  shellac,  amber,  and  all  resins  is  the  same  as  that  of 
hard  rubber,  and  that  this  electrification  is  of  a  different  nature 
from  that  produced  upon  glass. 

The  all-important  fact  which  Du  Fay  made  evident  is  that 
there  arc  tivo  different  hinels  of  electrification,  one  produced 
upon  glass  when  rubbed,  and  the  other  developed  upon  bodies  of 
a  resinous  nature.  The  kind  produced  upon  glass  he  called  the 
vitreous  electrification,  while  that  which  appears  upon  the  resins 
he  called  the  resinous. 

296.  Mutual  Action  of  Electrified  Bodies.  The  mutual 
attractions  and  repulsions  between  electrified  bodies  give  rise  to 
the  following  two  great  laws,  which  are  of  fundamental  im- 
portance, and  which  will  be  used  in  all  our  future  study  of  this 
subject: 

1.  Two  bodies  similarly  electrified  repel  each  other. 

2.  Two  bodies  dissimilarly  electrified  attract  each  other. 
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It  should  be  pointed  out  in  this  connection  that  the  nature  of 
the  rubbing  material  infiuenees  the  character  of  the  electrifica- 
tion of  the  rubbed  body,  that  is,  a  body  which  is  vitreously  elec- 
trified when  rubbed  with  one  substance  often  becomes  resinously 
electrified  when  rubbed  with  another.  A  glass  rod,  for  instance, 
becomes  vitreously  electrified  when  rnblied  witli  a  piece  of  silk 
Init  iTsinously  elei-trificd  when  nil)l)('(l  witli  a  cat's  fur. 
^Moreover,  the  nature  of  the  surface  of  the  rul)lie(l  body  affects  tlie 
kind  of  electrification  iirodiu-ed.  Thus,  ordinary  glass  when 
rubbed  witli  sillv  l)ecomes  vitreously  clt'ctrifie.d  but  ground  glass 
rubbed  with  silk  becomes  resinously  electrified.  We  can,  how- 
ever, depend  upon  the  fact  tliat  a  rod  of  smooth  glass  when 
rubbed  with  silk  becomes  vitreously  electrified,  and  that  a  rod 
of  liard  rul)ber,  shellac,  sealing-wax,  sulphur,  amber,  etc..  when 
I'ublxMl  with  flannel  or  a  cat's  skin  becomes  resinously  electrified 

297.  Electroscopes.  An  electroscope  is  any  device  that  en- 
ables us  to  determine  whether  or  not  a  l)ody  is  electrified.  In 
this  sense  of  the  word,  tlie  suspended  stirrup  containing  an 
electrified  rod  (p.  334)  is  an  electroscope,  liecause,  if  another 
simihirly  electrified  body  is  approached,  the  two  will  repel  each 
othei-.  Tlie  suspended  electrified  rod,  however,  possesses  large 
mass  and  large  inertia,  so  that  if  a  very  small  electrified  liody 
were  approached,  or  if  one  very  feebly  electrified  were  brought 
u)).  the  iiTcat  inertia  of  the  suspended!  rod  would  render  its 
motion  difficult  of  detection.  AVliile  the  above  a]^pMi'atus,  there- 
fere,  forms  an  electroscope,  it  is  not  only  inconvenient,  but  is 
far  from  delicate,  owiup-  to  the  gi-eat  inertia  of  its  moving  part. 

298.  The  Pith-Ball  Electroscope.  A  much  more  C(uivenient 
and  sensitive  device  for  detecting  the  presence  of  electricity 
upon  a  body  is  the  ])ith-ball  electroscope.  This  little  instrument 
consists  of  two  lialls  of  pith,  covered  with  irold-leaf  to  make  them 
conductors,  and  suspended  by  delicate  silk  threads.  Fig.  192. 
When  these  little  balls  of  pith  touch  an  electrified  body,  some 
of  the  electricity  upon  the  body  passes  or  flows  off  upon  the 
little  balls,  thus  electrifying,  or  cliarging,  them  with  the  same 
electrification  as  that  upon  the  electrified  body.  These  two  pith- 
balls  now  being  similarly  electrified   rei^el  each   other,   and  so 
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Fig.  192.     Tbe  piteb  ball 
electroscope. 


do  not  lie  side  by  side  as  when  nnelectrified,  but  are  held  a  little 
distance  apart  by  the  remarkable  force  which  exists  between 
electrified  bodies. 

Although  a  simple  inspection  of  the  in- 
strument will  thus  enable  the  observer  to 
<lecide  whether  or  not  the  pith-balls  are 
charged,  the  question  as  to  the  nature 
of  their  electrification  cannot  be  so  read- 
ily answered.  To  decide  this  matter  a 
charged  body  must  be  approached,  the 
electrification  of  which  is  known,  and  the 
effect  upon  the  pith-balls  observed,  If 
tlie  pith-balls  are  repelled  by  an  electri- 
fied glass  rod  brought  near  them,  the 
conclusion  is  obvious  that  the  electrifica- 
tion of  the  pith-balls  is  vitreous,  because  bodies  similarly  electri- 
fied repel  each  other.  If  attraction  instead  of  repulsion  takes 
place,  the  inference  must  not  be  drawn  that  the  electrification  of 
the  balls  is  resinous,  because  it  has  been  seen  (p.  3:)2)  that  even 
an  unelectrified,  or  neutral,  body  will  attract  an  electrified  body. 
A  resinous  body,  such  as  hard  rubber  or  sealing-wax  which  has 
been  rubbed  with  flannel  or  cat!s  skin  must  then  be  approached, 
and  if  the  little  pith-balls  are  then  repelled,  it  is  certain  that  they 
are  charged  resinously. 

This  is  but  a  particular  case  of  a  very  general  rule  which 
must  always  be  observed  in  testing  the  nature  of  the  electrifi- 
cation. The  nature  of  the  electrification  of  the  electroscope  must 
be  determined  in  the  above  mentioned  way  and  the  body,  the 
electrification  of  which  is  to  be  determined,  is  then  approached. 
If  a  repulsion  of  the  moving  parts  occurs,  it  follows  tliat  the 
electroscope  and  the  body  are  similarly  electrified.  If,  however, 
attraction  occurs,  the  electroscope  must  be  oppositely  charged 
and  the  test  repeated.  When  repulsion  occurs  between  the 
moving  parts  of  the  electroscope  and  the  body  under  test,  the 
tAvo  are  then  similarly  electrified. 

299.  The  Gold-Leaf  Electroscope.  Thei-e  is.  however,  an- 
other form  of  electroscope,  known  as  the  gold-leaf  electroscope, 
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the  moving  parts  of  which  possess  less  inertia  and  less  weight 
than  the  pith  balls,  and  which  accordingly  is  more  sensitive.  This 
consists  of  a  case  with  sides  of  glass  enclosing  two  delicate  strips 
of  gold-leaf  which  are  hung  from  the  lower 
end  of  a  metal  rod,  Fig.  193.  This  rod 
passes  through  the  case,  from  which  it  is 
carefully  insulated,  and  terminates  above 
in  a  knob,  or  ball.  When  unelectrified,  the 
gold-leaves  hang  together;  but  if  the  knob 
cf  the  electroscope  is  touched  by  an  elec- 
trified body,  electricity  flows  from  the  body 
to  the  ])all,  then  passes  down  the  rod  and 

Fig.   103.      I'be     gold     distributes  itself  over  the  two  gold-leaves, 
leaf  electroscope.  " 

While  these,  accordingly,  become  similarly 
charged  and  repel  each  other,  the  nature  of  their  electrifica- 
tion must  then  be  tested,  as  M-as  done  with  the  pith  balls 
in  the  pith-ball  electroscope.  An  electrified  glass  rod  must 
be  approached,  and  if  the  leaves  diverge  still  more  widely,  they 
are  charged  vitreously.  If  they  tend  to  contract,  a  resinously 
electrified  rod  must  be  ajiproached,  when  a  further  divergence 
of  the  leaves  will  follow.  With  the  gold-leaf  electroscope,  as 
with  the  pith  balls,  the  only  sure  indication  of  the  nature  of  the 
electrification  is  a  further  divergence  of  the  moving  parts,  for 
then  it  is  certain  that  the  electrification  of  the  electroscope  is  of 
the  same  rature  as  that  of  the  body  tested. 

£00.  The  Law  of  Attraction  and  Repulsion.  At  times  the 
leaves  of  the  electroscope  are  observed  to  be  violently  affected, 
and  at  other  times  they  can  scarcely  be  seen  to  move,  depend- 
ing upon  the  degree  of  the  electrification  of  the  body  which  is 
approached.  We  assume  this  difference  in  the  intensity  of  elec- 
trification to  be  due  to  a  larger  or  smaller  quantity  of  electricity 
residii.g  upon  the  electrified  body,  a  large  quantity  producing 
a  greater  effect  than  a  smalU'r  amount.  Accordingly,  inas- 
mueh  as  we  have  to  deal  with  quantities  of  electricity,  we  must 
select  a  unit,  and  the  measurement  of  any  given  quantity  must 
then  follow  in  terms  of  the  unit  so  chosen. 
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By  the  use  of  the  torsion  balance  (p.  144),  which  he  redis- 
covered, Coulomb  found  that  the  force  of  attraction  or  repulsion 
between  two  electrified,  bodies  varies  directly  as  the  product  of 
the  quantities  of  electricity,  and  inversely  as  the  square  of  the 
distance  between  them.  That  is,  if  F  is  the  force  of  attraction 
or  repulsion  between  two  small  spherical  bodies,  charged  with 
quantities  of  electricity  which  may  be  indicated  respectively  by 
Q  and  Q',  and  if  r  is  the  distance  between  the  centers  of  these 
bodies,  then,  if  the  electrified  bodies  are  in  the  air, 


or 

r' 

where  h  is  the  factor  of  proportionality. 

From  this  expression  we  derive  the  definition  of  the  unit 
(Quantity  of  electricity  which  is  in  common  use. 

301.  The  Unit  Quantity  of  Electricity.  Since  we  are  free  to 
choose  any  desired  quantity  of  electricity  as  the  unit,  we  may 
select  for  this  purpose  a  quantity  of  such  magnitude  that  both 
Q  and  Q'  shall  be  unity  when  F  and  r  are  each  unity,  in  which, 
case, 

h  =  1, 
and  the  above  equation  becames 

F  =  ^- 

r' 

In  thus  giving  to  k  the  value  unity,  we  have,  however,  deter- 
mined the  absolute  unit  quantity  of  electricity  to  be  that  quantity 
which  at  unit  distance  will  repel  a  similar  and  equal  quantity  with 
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viiiit  force.  Or,  iu  terms  of  the  units  of  the  C.  G-.  S.  system 
(p.  ]8),  tJie  ahsolute  C.  G.  S.  unit  quantity  of  electricity  is  that 
quantity  which,  at  the  distance  of  1  centimeter,  ivill  repel  a 
similar  and  equal  quantity  with  a  force  of  1  dyne.  This  is 
known  as  the  C.  G.  S.  electrostatic  unit  of  quantity. 

302.  The  Dual  Nature  of  Electrification.  The  great  fact 
must  now  be  made  prominent  that  whenever  one  body  is  elec- 
trified in  any  way  whatever,  there  exists  somewhere  another 
body  which  is  also  electrified.  In  other  words,  there  are  always, 
without  exception,  two  bodies  which  undergo  electrification  at 
the  same  time.  Moreover,  if  one  of  these  bodies  is  electrified 
vitreously,  the  other  is  electrified  resinously,  and  the  quantity 
of  electricity  with  which  one  is  electrified  just  equals  the  quan- 
tity with  Avhich  the  other  is  electrified.  For  instance,  when  a 
glass  rod  is  electrified  vitreously  with  a  certain  quantity,  the 
silk  with  which  it  was  rubbed  is  found  to  be  electrified,  resinously 
with  the  same  quantity.  So,  also,  when  a  rubber  rod  is  electrified, 
resinously,  the  cat's  fur  with  which  it  was  rubbed  is  found  to  be 
electrified  vitreously.  Furthermore,  the  quantity  with  W'hich  the 
rubber  rod  is  electrified  just  equals  the  quantity  with  which  the 
cat's  fur  is  electrified. 

303.  Early  Theories  of  Electricity.  Facts  such  as  these,  all 
of  Avhieh  point  to  the  dual  manifestation  of  electricity,  have 
given  rise  to  much  speculation  as  to  its  nature.  Du  Fay  con- 
ceived the  idea  of  two  electric  fiuids  existing  in  all  bodies,  the 
relative  amounts  of  which  might  to  some  extent  be  varied,  and 
which  completely  neutralized  each  other  when  present  in  equal 
amounts  in  the  same  body.  He  thought  that  an  excess  of  one 
fluid  or  the  other  produced  electrification ;  and,  as  there  are  two 
forms  under  which  the  electrified  condition  appears,  he  assumed 
that  the  vitreous  electrification  was  produced  by  an  excess  of 
one  of  these  fluids,  which  he  called  the  vitreous,  and  that  the 
resinous  electrification  was  due  to  an  excess  of  the  other  fluid, 
which  he  termed  the  resinous.  Du  Fay's  conception  has  re- 
ceived the  name  of  the  two-fluid  theory. 

In  1747  Benjamin  Franklin  propounded  what  is  known  as  the 
one-fluid  theory.     This  Avas  based  upon  the  assumption   that 
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there  was  a  universal  medium,  or  fluid,  called  electricity,  which 
was  present  in  all  bodies,  and  which,  under  ordinary  circum- 
stances could  not  be  detected,  because  all  other  bodies  contained 
exactly  equivalent  amounts.  If,  however,  the  quantity  present 
in  a  body  were  in  any  way  changed,  that  is,  if  this  natural  or 
normal  amount  were  either  increased  or  decreased,  the  body 
became  at  once  electrified.  He  assumed,  furthermore  that  the 
vitreous  electrification  was  due  to  an  excess  of  this  electricity 
above  the  normal  amount,  and  to  this  he  therefore  gave  the  name 
positive ;  while  the  resinous  was  caused  by  a  deficit  in  the  nor- 
mal amount,  that  is,  that  the  electrified  body  had  lost  some  of 
the  electricity  which  it  originally  had,  and  this  he  called  nega- 
tive. Accordingly,  the  terms  positive  and  negative  were  used 
(t-xactly  as  they  are  used  in  algebra,  not  to  indicate  a  difference 
in  the  hind  of  electricity  with  which  a  body  was  charged,  but 
simply  to  show  whether  that  body  contained  a  quantity  greater 
cr  less  than  the  normal  amount. 

Each  of  these  theories  explained  the  observed  phenomena 
perhaps  equally  well.  Within  the  last  few  years,  however,  since 
tlie  discovery  and  isolation  of  the  electron,  both  of  these  older 
views  have  given  way  to  the  newer  aspect  which  the  entire 
science  of  electricity  has  assumed. 

304.  The  Nature  of  the  Electrons.  As  has  already  been 
pointed  out  (p.  11),  the  atoms  of  matter  are  believed  to  consist, 
in  part,  at  least,  of  numbers  of  minute  particles,  called  the 
electrons,  revolving  within  the  atoms  with  speeds  which  are  but 
little  less  than  the  velocity  of  light. 

Occasionally  it  transpires  that  an  atom  becomes  unstable  in 
such  a  way  that  an  electron  escapes  from  the  miniature  solar 
system  in  which  it  has  been  revolving,  and  thus  is  able  to  move 
about  freely  among  the  molecules  of  matter.  This  particle  is 
then  found,  not  only  to  retain  the  high  velocity  with  which  it 
left  its  parent  atom,  but  always  to  be  negatively  electrified,  and 
to  be  charged  with  a  quantity  of  electricity  equal  to  4.77  X  lO-^^ 
•electrostatic  units.  Since  these  electrons  may  be  obtained  from 
matter  of  all  kinds,  and  since  their  properties  are  independent 
of  the  nature  of  the  atoms  from  which  they  are  derived,  it  is 
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thought  that  these  small  particles  form  an  integral  part  of  all 
atoms,  and  therefore  of  all  matter. 

The  further  point,  however,  must  be  considered,  that,  if  the 
atom  were  to  consist  only  of  these  electrons,  it  would  be  unstable, 
since  these  negatively  electrified  particles  would  mutually  repel 
each  other.  We  believe,  therefore  that  the  atom  must  contain, 
besides  the  electrons,  also  a  quantity  of  positive  electricity  equal 
in  amount  to  the  combined  quantity  carried  by  all  the  electrons. 
In  order  that  the  latter  particles  may  remain  in  stable  equilib- 
num  within  the  atom,  we  conceive  that  they  revolve,  either 
about  a  positive  nucleus  at  the  center,  or  in  a  medium  of  "posi- 
tive electrification"  distributed  uniformly  throughout  the  atom. 
Indeed,  it  is  invariably  found  that  the  escape  of  an  electron 
from  an  atom  leaves  the  latter  positively  electrified. 

Moreover,  when  electrons  move  between  two  oppositely  charged 
plates,  they  are  repelled  by  one  and  attracted  by  the  other,  so 
that  they  are  accelerated,  and  therefore  move  with  a  higher 
velocity.  Their  mass  is  then  found  to  be  not  constant  but  vari- 
able, and  to  become  greater  Avhen  their  velocity  increases.  Since 
their  mass  is  not  constant,  but  depends  upon  the  velocity  with 
which  they  move,  the  electrons  can  therefore  not  be  matter  in 
the  ordinary  sense,  inasmuch  as  matter  presupposes  the  con- 
stancy of  mass.  We  believe  also,  therefore,  that  the  electrons  are 
purely  electrical  in  their  constitution;  and  since  they  always 
represent  exactly  the  same  quantity  of  electricity,  wherever  they 
are  found  and  from  whatever  substance  they  may  be  derived, 
we  believe  they  are  the  ultimate  particles  or  units  of  electricity, 
and  that  electricity,  in  all  of  its  manifestations,  is  due  simply  to 
the  presence,  or  absence,  or  motion  of  these  electrons. 

We  must  therefore  think  of  electrons  as  existing  under  two 
entirely  different  conditions:  first,  as  revolving,  probably  in 
regular  systems,  within  the  atoms ;  and  second,  as  freely-moving, 
independent  particles  distributed  among  the  molecules  of  matter, 
bombarding  and  colliding  with  the  latter,  in  their  rapid  motion, 
and  being  in  turn  bombarded  by  them.  While  thus  moving 
freely  among  the  molecules  of  matter,  with  which  they  are 
supposed  to  be  in  thermal  equilibrium,  they  are  knoA^ni  as  the 
free  electrons. 
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305.  The  Modern  Theory  of  Electrification.  At  first  it 
might  seem  that  all  bodies  which  contain  large  numbers  of  free 
electrons  must  be  negatively  electrified.  It  must  be  remembered, 
however,  that  the  atoms  from  which  these  electrons  were  derived 
were  originally  neutral,  and  that  the  removal  of  an  electron 
from  an  atom  leaves  the  remainder  of  the  atom  charged  posi- 
tively. There  are,  therefore,  in  the  body  as  many  positively 
charged  particles  as  negative,  and  the  body,  as  a  whole,  is  still 
neutral. 

By  a  number  of  processes,  it  is  found  possible  to  alter  the 
number  of  electrons  in  a  body  or  upon  its  surface.  Prominent 
among  these  methods  is  friction,  or  the  rubbing  of  one  substance 
upon  another.  From  this  point  of  view,  the  electrification  which 
results  when  a  glass  rod  is  rubbed  with  silk  is  produced  by  a 
redistribution  of  the  electrons  resident  upon  the  tAvo  materials, 
whereby  a  number  of  electrons  are  transferred  from  the  sur- 
face of  the  glass  to  the  silk.  This  removal  of  a  number  of  these 
negatively  charged  electrons  from  the  glass  leaves  the  latter 
charged  positively ;  while,  on  the  other  hand,  the  addition  to  the 
silk  of  the  electrons  which  were  thus  taken  from  the  glass  gives 
to  the  silk  an  excess  of  these  particles,  which  thereby  charges  it 
negatively.  The  silk  is  therefore  not  only  charged  negatively, 
but  is  charged  negatively  to  a  degree  precisely  as  great  as  that 
to  which  the  glass  is  charged  positively.  In  a  similar  manner, 
a  rod  of  hard  rubber  or  any  one  of  the  resins,  when  rubbed  with 
flannel  or  cat's  fur,  becomes  charged  negatively,  inasmuch  as 
in  this  instance  a  number  of  the  electrons  are  transferred  from 
the  flannel  or  the  fur  to  the  rod,  thus  charging  the  latter  nega- 
tively, and  leaving  the  flannel  or  the  fur  charged  positively  to 
an  equal  degree.  Even  the  separation  of  any  two  dissimilar 
.  substances  will  bring  about  a  redistribution  of  the  electrons 
common  to  the  two. 

Accordingly,  when  two  bodies  are  electrified  by  friction,  for 
two  must  always  be  electrified  equally  and  oppositely  at  the 
same  time,  one  will  carry  with  it  a  number  of  electrons  greater 
than  it  formerly  had,  and  will  therefore  be  negatively  electrified, 
while  the  other  will  be  left  with  less  than  its  normal  number  of 
these  particles,  and  will  be  positively  electrified.     A  negatively 


SURFACE   DENSITY.  343 

charged  body,  then,  is-  one  upon  which  there  is  an  excess  of 
electrons,  while  a  i)ositively  charged  body  is  one  which  has  lost 
some  of  the  electrons  which  were  normal  to  it  and  which  it 
originally  had. 

It  is  thus  seen  that,  except  for  the  sign  of  the  charge,  the 
modern  theory  of  electrification  is  strikingly  similar  to  the  one- 
fluid  theory,  as  proposed  by  Franklin.  Indeed,  if  Franklin  had 
chanced  to  give  exactly  the  opposite  signs  to  his  positive 
and  negative  electrifications,  it  would  have  simplified  many 
matters  connected  with  the  flow  of  electricity  as  we  now  under- 
stand it.  What  we  mean  by  a  flow  of  electricity  through  a  body 
is  simply  a  directed  movement  of  the  free  electrons  in  that  body. 
Thie  distinction  between  a  conductor  and  an  insulator  is  thus 
seen  to  depend  entirely  upon  the  relative  number  of  free  elec- 
trons that  may  be  present,  a  conductor  being  a  body  which  con- 
tains  large  numbers  of  free  electrons,  while  an  insulator  is  one 
^    having  very  few  of  these  particles  or  practically  none. 

^r'-  306.  Surface  Density.  When  a  conductor  is  charged  with 
electricity,  it  is  thought  that  a  certain  number  of  units  of  elec- 
tricity are  distributed  over  its  surface,  and  the  surface  density 
of  the  charge,  which  is  usually  denoted  by  the  Greek  letter  o-,  is 
the  number  of  units  of  electricity  upon  one  square  centimeter 
t)f  the  surface.  Letting  S.  represent  the  number  of  square  centi- 
meters on  the  surface  of  a  body,  and  Q  the  number  of  units  of 
electricity  uniformly  distributed  over  the  surface  of  that  body, 
we  see  that 

S 

represents  the  number  of  units  of  electricity  upon  one  square 
"Centimeter,  or  fr,  and  therefore 

_  Q 

If  the  distribution  of  electricity  is  uniform,  as  it  is  over  the 
surface  of  a  charged  insulated  metal  sphere,  then  o-  is  constant 
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for  every  part  of  the  surface ;  but  if  the  distribution  is  not  uni- 
form, then  o-  varies  from  place  to  place  on  the  body. 

■\ 

307.  Surface  Density  on  a  Sphere.     We  have  seen  that  the 

^  surface  density  of  the  charge  is  the  number  of  units  of  elec- 
tricity upon  one  square  centimeter  of  the  surface.  If,  there- 
fore, the  charge  of  Q  units  of  electricity  is  uniformly  distributed 
over  the  surface  8  of  an  insulated  metallic  sphere,  the  surface 
density  at  every  point  is 

_  Q 

If  R  is  the  radius  of  the  sphere,  the  surface  8  represents  an  area 
of  4  TT  i?-  square  centimeters,  that  is, 

^S'  =  4  TT  B', 

and  accordiugl}'  the  surface  densit}^  for  a  sphere  becomes 

Q 

or  the  quantity  of  electricity  upon  a  charged  insulated  sphere  is 

Q   =  4:7rB^-a. 

3C8.  The  Distribution  of  Electricity  upon  a  Conductor.     The 

distribution  of  electricity  upon  any  surface  may  be  determined 
experimentally  by  the  device  known  as  the  proof-plane.  This 
consists  of  a  small  metal  disc  mounted  upon  an  insulating  handle, 
or  a  small  metal  sphere  suspended  by  a  silk  thread,  Fig.  194. 
The  proof-plane  may  be  touched  to  an  electrified  body,  thus 
taking  up  a  little  of  the  electricity  from  that  body,  and  bringing 
it  near  the  gold-leaf  electroscope,  whereby  the  nature,  and  to 
some  extent  also  the  surface  density,  of  the  charge  upon  the 
electrified  body  may  be  determined. 

If  the  proof-plane  is  touched  to  the  surface  of  a  charged  hoi- 
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Fig.  194.     The  proof-plane. 


low  sphere,  the  distribution  will  be  found  to  be  uniform  over  the 
entire  exterior  suface ;  but  if  it  is  touched  to  the  inside  of  the 
sphere,  it  will  be  found  that  there  is  absolutely  no  electricity 
whatever     upon     the 
interior.    The  charge, 
therefore,  resides  en- 
tirely upon   the   sur- 
face, and  does  not  pen- 
etrate in  the  slightest 
degree    to   the    inter- 
ior,   however     highly 
electrified     the     con- 
ductor   may    be.      A    ^ 
given      quantity      of 
electricity,        accord- 
ingly, will  charge  a  gilded  pith-ball  or  a  solid  metal  ball  to  the 
same  degree,  provided  both  are  of  the  same  size.    Faraday  con- 
structed a  room  which  he  coated  upon  the  outside  with  tin-foil, 
and  thoroughly  insulated  from  the  ground.    Upon  entering  this 
room  he  was  able  to  perform  the  most  delicate  electrical  experi- 
ments, although  the  outside  was  charged  as  highly  as  possible  by 
electrical  machines.     The  most  sensitive  electroscope  within  the 
room  failed  to  show  by  the  sliglitest  indication  the  high  electri- 
fication of  the  room  upon  the  exterior. 

The  proof-plane  may  likewise  be  used  to  determine  the  dis- 
tril)ution  of  electricity  upon  charged  bodies  which  are  not 
spherical.  If  the  different  portions  of  an  electrified  disc  are 
examined  in  this  way.  Fig.  195,  it  will  be  found  that  the  elec- 
trical density  is  much  greater  at  the  edges  of  the  disc  than  on 
the  more  central  portions  of  the  surface.  Similarly,  the  electrical 
density  upon  an  egg-shaped  conductor  is  found  to  be  extremely 


Fig.    ID.'j.     The   distribution   of    clectricit.v   npon    a   sphere,    a   disc,    and   an   ogg- 

shapcd  conductor. 
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irregular,  being  much  greater  upon  the  smaller  end  than  upon 
the  larger.  Indeed,  the  surface  density  upon  any  part  of  a 
conductor,  as  mil  be  shown  later,  is  found  to  vary  inversely  as 
the  radius  of  curvature  of  that  part.  The  electrical  density 
upon  a  point,  therefore,  would  be  infinitely  great,  inasmuch  as 
the  radius  of  curvature  is  infinitely  small,  were  it  not  for  the 
fact  that  a  point  upon  or  near  an  electrified  conductor  discharges 
that  conductor,  as  will  also  be  explained  later.  It  is  mainly 
upon  this  discharging  power  of  points  that  the  efficacy  of  the 
lightning  rod  depends. 

309.  Explanation  of  the  Surface  Charge.  The  explanation 
of  the  fact  that,  under  ordinary  circumstances,  electrification  is 
found  only  upon  the  exterior  surface  of  a  charged  body  is  due 
to  the  repulsive  forces  which  exist  between  similarly  electrified 
bodies.  Because  of  these  forces,  it  is  evident  that,  if  a  body  is 
charged  negatively,  the  electrons  which  are  present  in  excess  must 
repel  one  another;  while,  if  a  body  is  charged  positively,  the 
large  numbers  of  atoms  which  have  lost  an  electron,  and  which 
are  therefore  positively  charged,  must  likewisel-epel  one  another. 
Accordingly,  whether  a  body  is  charged  negatively  or  positively, 
the  elementary  quantities  of  electricity  constituting  the  charge 
must  be  constantly  in  a  state  of  mutual  repulsion,  each  forcing 
the  others  as  far  away  as  possible,  that  is,  to  the  exterior  sur- 
face of  the  body. 

One  exception  only  occurs  to  the  general  law  that  the  electri- 
fication of  a  charged  insulated  conductor  resides  upon  its  outer 
surface.  This  is  found  when  a  charged  body  is  lowered  by  an 
insulating  rod  or  thread  into  the  interior  of  a  hollow  insulated 
conductor,  but  without  touching  it.  A  charge  is  then  found 
distributed  not  only  upon  the  exterior  surface  of  the  conductor, 
but  also  upon  the  interior  surface  as  well,  as  will  be  explained  in 
a  future  paragraph. 

310.  The  Action  of  a  Charged  Sphere  Upon  an  External 
Point.  In  dealing  wdth  the  action  of  one  charged  body  upon 
another  exterior  to  it,  we  shall  assume  for  electrified  bodies 
what  Newton  proved  for  gravitating  masses  of  matter,  namely, 
that  a  charged  sphere  acts  upon  an  external  point  as  if  the  en* 


ELECTRIC  INTENSITY  AT  A  POINT.  347 

tire  electrification  were  concentrated  at  the  center  of  the  sphere. 
Indeed,  Couloml)  demonstrated  experimentally  the  truth  of  this 
principle,  in  dedncing  the  law  of  the  force  between  two  electri- 
fied bodies;  and  in  the  derivation  of  the  unit  quantity  of  elec- 
tricity (p.  338),  the  distance  r,  between  the  two  small  spheres 
charged  with  quantities  q  and  q^,  is  taken  without  error  to  be 
the  distance  between  their  centers. 


^rv>"  311.  The  Electric  Intensity  at  a  Point  Infinitely  Near  a 
Charged  Sphere.  By  the  electric  intensity  at  a  point  is  meant 
the  numher  of  dynes  of  force  witJi  wMcJi  a  small  tody  charged 
positively  with  one  unit  of  electricity  ivill  he  acted  upon  ivhen 
placed  at  that  point.  Accordingly,  the  electric  intensity  infi- 
nitely near  a  charged  sphere  is  the  number  of  dynes  of  force 
with  M'hich  the  sphere  will  repel  a  unit  of  positive  electricity 
-when  brought  infinitely  near  to  its  surface. 

In  the  preceding  paragraph  we  have  seen  that,  if  a  sphere 
is  charged  with  electricity,  its  action  upon  exterior  bodies  is  the 
same  as  if  this  charge  were  concentrated  in  a  point  at  the  center. 
Therefore,  by  the  preceding  paragraph,  if  one  unit  of  positive 
electricity,  that  is,  a  small  body  charged  positively  with  one  unit 
of  electricity,  is  brought  infinitely  near  to  the  exterior  surface 
of  a  sphere  of  radius  2?,  charged  with  Q  units  of  electricity,  the 
unit  is  at  a  distance  approximately  equal  to  the  radius  B 
from  the  Q  units  with  which  the  sphere  is  charged.  The  two 
will  then  repel  each  other  with  a  force  F,  Avhere 


But 

^    r=   4  TT  li-^  CT, 

and  therefore 
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or 


2^    =   4   TT   0-. 

The  force,  therefore,  with  which  a  charged  sphere  will  repel' 
a  unit  of  positive  electricity  infinitely  near  its  surface,  that  is, 
the  electric  intensity  infinitely  near  the  surface  of  a  charged 
sphere,  is  47ro-  dynes,  where  o-  is  the  surface  density  of  the 
charge.  It  is  to  be  observed  that  the  electric  intensity  is  inde- 
pendent of  the  size  of  the  sphere,  and  is  equal  to  4  tt  multiplied 
by  the  surface  density  of  the  charge. 

As  will  be  proved  in  the  following  paragraph,  the  electric  in- 
tensity at  all  points  throughout  the  interior  of  a  charged  con- 
ductor is  zero.  Inasmuch,  then,  as  the  electric  intensity  is  zero 
upon  the  interior  of  a  charged  spherical  conductor  and  ^ira 
upon  the  exterior,  the  electric  intensity  changes  by  47ro-  in  pass- 
ing from  tlie  inside  of  a  charged  sphere  to  the  outside.  This 
proposition  still  holds  true  when  the  radius  of  the  sphere  becomes 
infinitely  great,  that  is,  when  the  surface  of  the  sphere  becomes  a 
plane.  From  this  it  follows  that  the  electric  intensity  changes 
by  'iircr  in  passing  from  one  side  of  a  charged  plane  to  the 
other;  or,  in  other  w^ords,  if  a  plane  is  uniformly  electrified  on 
both  surfaces,  the  electric  intensity  infinitely  near  this  plane 
is  27ro-  on  each  side.  This  law,  which  is  thus  found  to  hold 
true  for  a  sphere  and  for  a  plane,  is  found  also  to  apply  to  any 
surface  whatever,  hence  the  following  general  law:  The  electric 
intensity  changes  by  47ror  in  passing  from  one  side  of  any  elec- 
.  trified  surface  to  the  other. 

j^  312.  The  Electric  Intensity  at  a  Point  Within  a  Charged  Con- 
V  ductor  is  Zero.  In  a  previous  paragraph  (p.  149)  it  w^as  shown 
that  a  hollow  shell  of  gravitating  matter  exerts  no  resultant 
force  of  attraction  upon  a  particle  placed  within.  By  a  process 
of  reasoning  in  every  way  similar  to  this,  we  may  prove  that  a 
uniformly  charged  body  exerts  no  force  of  attraction  upon  a  unit 
of  positive  electricity  placed  upon  its  interior.  In  other  words, 
it  may  be  shown  that  the  electric  intensity  at  a  point  within  a 
charged  conductor  is  zero. 
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Let  al)  cd,  Fig.  196,  represent  a 
•closed  conductor,  a  sphere  for  in- 
stance, charged  positively  and  uni- 
formly, and  let  m  represent  1  posi- 
tive unit  of  electricity  placed  at 
any  point  within.  The  unit  at  m 
may  then  be  made  the  common  ver- 
tex of  two  small  similar  cones,  the 
bases  of  which,  a  h  and  c  d,  are  at 
the  distances  r  and  r'  respectively 
from  the  unit.  The  charge  up- 
on the  base  o,  h  will  then  repel  the 
unit  at  m  with  a  force 


Fig.  196.  A  charged  body  exerts 
no  force  of  attraction  upon  a 
unit  of  elcctricitj'  placed  within. 


ah.    1 


acting  towards  the  right,  while  that  upon  the  base  c  d  will  repel 
the  same  unit  with  a  force 


d.  1 


acting  towards  the  left.     The  resultant  of  these  two  forces  will 
be  their  difference,  or 


a  h 


r 


Acting  towards  the  right  or  the  left  according  to  their  magni- 
tudes. 

By  geometry,  liowever,  we  know  that  the  bases  of  similar  cones 
are  to  each  oth^r  as  the  squares  of  their  altitudes,  or  that 


a  h 
r' 


/  > 
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But  each  member  of  this  equation  is  identical  with  one  of  the 
forces  acting  on  the  unit  at  m,  from  which  it  is  evident  that  these 
forces  are  equal  in  intensity  and  opposite  in  direction,  or  that  the 
resultant  force  due  to  the  portions  a  h  and  c  ^  of  the  charged 
sphere  acting  upon  this  unit  is  zero. 

In  the  same  way  the  entire  surface  of  the  sphere  may  be  di- 
vided into  pairs  of  similar  cones,  for  each  of  which  the  same 
holds  true,  so  that  the  unit  at  m  experiences  no  resultant  force  in 
any  direction.  The  proposition  is  therefore  proved  that  a  uni- 
formly charged  conductor  exerts  no  resultant  force  upon  a  unit 
of  electricity  placed  witliin,  or,  in  other  words,  the  electric  inten- 
sity at  all  points  upon  the  interior  of  a  charged  conductor  is  zero. 

313.  The  Flow  of  Electricity— The  Electric  Current.  It  has 
already  been  shown  (p.  343)  that  the  distinction  between  a  con- 
ductor and  a  non-conductor,  or  insulator,  lies  in  the  fact  that 
the  conductor  contains  among  its  molecules  large  numbers  of 
swiftly  moving  atoms  or  particles  of  negative  electricity,  called 
the  free  electrons,  while  the  non-conductor  contains  relatively 
few,  or  practically  none,  of  these  minute  bodies.  Since  the  free 
electrons  in  a  conductor  are  thought  to  be  in  thermal  equilibrium 
with  the  molecules,  that  is,  to  bombard  the  molecules  and  to  be 
in  turn  bombarded  by  them,  their  motions,  though  high  in 
speed,  take  place  in  all  possible  directions,  and,  therefore,  pro- 
duce no  resultant  effect.  When,  by  any  means,  these  free  elec- 
trons are  compelled  to  move  in  a  particular  direction,  electricity 
is  thereby  transferred  from  one  point  to  another,  and  a  current 
of  electricity  is  said  to  flow.  The  flow  of  the  electric  current 
is  thus  thought  to  be  simply  the  orderly,  or  directed,  movement 
of  the  free  electrons  in  the  conductor. 

Nothing  would  be  more  natural  than  to  suppose  that  the  direc- 
tion in  which  the  current  flows  would  be  the  same  as  that  in 
which  electricity  is  thus  transported.  Such,  indeed,  was  con- 
fidently believed  to  be  the  case  as  long  as  the  one-fluid  theory^ 
of  Franklin  (p.  340)  was  accepted.  By  this  hypothesis,  a  posi- 
tively charged  body  was  thought  to  contain  an  abnormal 
amount  of  electricity,  which  w^ould  flow  to  the  earth  from  the 
body  when  the  latter  was  touched.     The  direction  of  the  current 
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Avas  therefore  interpreted  to  be  the  direction  in  which  this  dis- 
charge took  place,  that  is  the  direction  in  which  the  positive 
charge  upon  a  body  flowed  to  the  earth.  Thus,  the  positive 
direction  of  the  current  was  assumed  to  be  the  direction  of  the 
motion  of  the  positive  charge ;  and  this  is  the  direction  which, 
through  many  years  of  constant  use,  is  now  universally  under- 
stood to  be  the  direction  in  which  the  current  flows.  It  is  true, 
as  we  now  believe,  that  it  is  not  the  positive  charge  that  flows, 
but  that  it  is  the  negative  electrons  that  move,  and  that  these 
move  in  the  direction  opposite  to  that  in  which  the  positive 
charge  would  move  if  it  were  free  to  do  so. 

A  moment 's  reflection,  however,  will  show  that  these  two  con- 
ceptions are  identical  in  import.  By  analogy  with  the  princi- 
ple in  speecli  of  the  double  negative  implying  an  affirmative,  we 
can  see  that  the  negative  electrons  moving  in  a  negative  direction 
produce  the  same  result  as  the  positive  charge  moving  in  the 
positive  direction.  Accordingly,  the  effect  of  the  negative  elec- 
trons moving  in  the  negative  directions  is  the  same  as  if  the 
positive  charge  moved  in  the  positive  direction,  or  in  the  direction 
in  which  the  current  is  ordinarily  assumed  to  flow.  If  Franklin 
had  given  the  opposite  signs  to  the  electric  charges,  that  is, 
if  he  had  called  the  resinous  electrification  positive,  and  the 
vitreous  negative,  the  electrons,  as  we  now  understand  then), 
would  liave  been  positive  atoms  of  electricity,  and  the  direction 
in  which  they  flow  would  likewise  have  been  positive.  The  direc- 
tion of  the  current  would  then  have  been  that  of  the  motion  of 
the  electrons,  and  the  conception  of  the  flow  of  the  current  would 
have  been  greatly  simplified. 

In  the  work  which  follows,  therefore,  we  shall  endeavor  to 
determine  and  trace  the  movements  of  the  electrons,  which  indi- 
cate the  actual  processes  taking  place  within  the  conductor.  We 
can  not,  however,  speak  of  this  direction  as  the  direction  of  the 
current,  but  are  constrained  to  conform  to  popular  usage,  and 
to  say  that  the  current  flows  in  a  direction  opposite  to  that  in 
which  the  electrons  move. 


CHAPTER  XXIII. 


THEORY  OF  POTENTIAL. 


314.  Diifereiice  of  Potential.  In  dealing  with  negatively 
and  positively  charged  bodies,  we  must  keep  constantly  in  mind 
the  idea  that  a  negatively  charged  body  is  one  which  has  upon 
it  an  abnormal  number  of  electrons,  while  a  positively  charged 
body  is  one  which  has  lost  some  of  the  electrons  that  were  upon 
it  in  its  natural  state.  Accordingly,  if  a  negatively  charged  body 
is  connected  by  a  conductor  with  the  earth,  this  excess  of  elec- 
trons will  flow  from  the  body  to  the  earth,  leaving  the  body  once 
more  in  its  neutral  state.  In  the  same  way,  if  a  positively 
charged  body  is  thus  connected  with  the  earth,  electrons  Mdll 
flow  from  the  earth  to  the  body,  thereby  restoring  to  the  latter 
its  natural  number  of  these  particles.  In  either  case,  as  soon 
as  the  transport  of  electrons  has  taken  place,  the  body  loses  all 
traces  of  electrification,  or  becomes,  as  we  say,  "discharged." 

When  a  neutral  body  is  connected  with  one  positively  charged, 
electrons  will  pass  from  the  former  to  the  latter,  leaving  the 
former  positively  charged,  and  the  latter  also  positively  charged, 
but  less  highly  than  before.  When  a  neutral  body  is  connected 
with  one  negatively  charged,  the  electroiis  upon  the  latter  will 
be  distributed  over  the  surface  of  both  bodies,  and  both  will  be 
charged  negatively.  When  two  bodies,  one  charged  positively 
and  the  other  negatively,  are  connected  together,  the  electrons 
upon  the  negatively  charged  body  will  be  divided  between  the 
two,  and  both  will  be  positively  or  both  will  be  negatively 
charged,  according  to  the  number  of  electrons  that  the  negatively 
charged  body  may  have  originally  contained. 

In"  these,  and  in  all  other  instances  of  the  directed  motion  of 
the  electrons,  we  may  attribute  this  movement,  not  merely  to 
the  mutual  attractions  or  repulsions  of  electrified  particles,  but 
to  a  difference  in  the  electrical  condition  of  the  bodies,  known  as 
a  difference  of  potential.  Difference  of  potential  may  he  de- 
fined as  a  difference  of  electrical  condition,  due  to  which  elec- 
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irons  will  flow  from  one  hodij  to  anotlier,  or  would  flow  if  tJie 
two  were  connected  hy  a  conductor.  The  region  towards  which 
the  electrons  move  is  said  to  be  a  region  of  high  potential,  while 
that  from  which  they  come  is,  in  the  same  way,  called  a  region 
of  low  potential.  A  positively  charged  body,  therefore,  if  unin- 
fluenced b}^  other  electric  charges,  is  a  region  of  high  potential, 
while,  for  the  same  reason,  a  negatively  charged  body  is  a  region 
of  low  potential.  It  is  thus  seen  that  when  a  current  of  elec- 
tricity  flows,  the_electrons  move  from  the  region  of  low  potential 
towards  the  region  of  high  potential,  although,  out  of  deference 
to  the  universal  usage,  we  are  obliged  to  say  that  the  current 
flows  from  the  region  of  high  potential  towards  the  region  of 
low  potential. 

In  determining  the  movement  of  the  electrons,  and  therefore 
in  ascertaining  the  condition  of  the  potential,  as  to  whether  this 
is  high  or  low,  a  comparison  is  made  with  the  earth,  which  is 
always  taken  as  the  zero  of  potential.  Accordingly,  a  body  is  at 
high  potential  if,  when  it  is  connected  with  the  earth,  electrons 
flow  from  the  earth  to  that  body,  and  it  is  at  low  potential  if, 
when  it  is  thus  connected,  electrons  floAv  from  the  body  to  the 
earth.  It  must  be  remembered  that  this  is  the  only  criterion 
which  enables  us  to  tell  whether  the  potential  of  a  body  is  high 
-or  low,  for,  if  other  electric  charges  influence  the  body,  the 
potential  of  the  body  cannot  be  determined  from  its  charge,  nor, 
indeed,  can  the  charge  of  a  body  be  determined  from  its  poten- 
tial. In  a  single  instance  only  is  it  possible  to  predict  the  po- 
tential of  a  body  from  its  charge,  and  this  instance  occurs  when 
the  body  is  standing  entirely  alone  and  uninfluenced  by  any 
other  electrified  body.  Under  these  conditions  the  conclusion 
may  be  drawn  that  the  body  is  at  high  potential  if  it  is  charged 
positively,  that  is,  if  it  has  upon  it  less  than  its  normal  number 
of  electrons,  and  that  it  is  at  low  potential  if  it  is  charged  nega- 
tively, or  has  upon  it  an  excess  of  electrons  above  its  normal 
number.  In  general,  however,  tJie  character  of  tlie  potential  of 
a  body  may  he  determined  only  hy  connecting  tliat  tody  with 
the  earth.  If  the  flow  of  electrons  takes  place  from  the  earth 
to  the  body,  the  body  is  at  high  potential,  but  if  the  flow  takes 
place  from  the  body  to  the  earth,  the  body  is  at  low  potential. 
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315.  The  Theory  of  Potential.  Let  us  suppose  that  we  have 
an  insulated  conductor  charged  positively  and  removed  from 
all  other  electrified  bodies,  Fig.  197,  and  let  us  suppose  that  we 

bring  into  its  neighborhood  a  unit 
of  positive  electricity,  that  is,  a 
small  body,  a  pith  ball,  for  in- 
stance, charged  positively  with  one 
unit  of  electricity.  If  there  are  Q 
units  upon  the  charged  body,  we 
know  by  Coulomb's  law  (p.  338) 
that  the  unit  of  positive  electricity 
will  be  repelled  by  the  charged 
body  with  a  force  of  F  dynes,  where 


1 


Fio.  197.  A  positively-charged 
body  repels  a  unit  of  positive 
electricity  Iplaced    near    it. 


F 


^=^■-1, 


r  being  the  distance  between  them.  If  the  unit  of  positive  elec- 
tricity is  brought  up  nearer  to  Q,  the  force  of  repulsion  will  be 
greater,  and  if  it  is  removed  farther  from  Q,  the  force  of  repul- 
sion will  be  less. 

If  the  unit  of  positive  electricity  is  prevented  at  any  point 
from  moving  away,  a  force  equal  to  the  repellant  force  at 
that  point  must  be  exerted  to  prevent  it  from  moving.  More- 
over, if  this  unit  is  forced  to  move  nearer  to  Q  against  the  repel- 
lant force,  ivork  must  be  done  upon  it  equal  to  the  product  of 
the  force  thus  exerted  and  the  space  through  which  it  is  moved. 
When  the  unit  is  at  infinity,  the  distance  between  the  two 
is  infinitely  great,  that  is. 


and 


r  =  CO, 


F  =  0, 


which  indicates   that   at  infinity   the    unit   is   acted   upon   by 
no  force  of  repulsion  from  Q.     Whenever  r  is  finite,  the  force 
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exerted  is  finite,  and  this  force,  althongh  it  is  small  when  r  is 
very  great,  becomes  greater  the  nearer  the  nnit  approaches  the 
charged  body. 

If  the  unit  is  supposed  to  ])e  moved  up  from  infinity  toward  the 
charge  Q,  Fig.  198,  a  perfectly  definite  amount  of  work  will  have 
to  be  expended  against  the  repellant  force  due  to  Q  in  bringing  it 
up  to  the  point  B.  If 
the  unit  is  forced  to 
move  still  nearer  to  Q  as 
far  as  the  point  A,  a  still 

greater  amount  of  work  W\t\^r-yv)j/}  ^ 

Avill    have    to    be    per- 
formed.   When  the  unit 

i^   o+  +1,  ■    4.    T>  Fig.    198.     More    work    must    be    expended    iu 

IS  at  tne  point  li,  a  Cer-  In-mging  a  unit  of  electricity  from  infinity  to 

+„•  I.  ^  r.  *'^®  point  .1  tlmn  to  the  point  B. 

tarn  number  of  ergs  of 

work  have  been  performed  upon  it  in  bringing  it  from  infinity 
up  to  this  point,  and  the  potential  energy  which  it  now  possesses 
is  measured  by  the  work  that  has  been  done. 

There  is,  therefore,  an  attribute  of  every  point  about  a  charged 
body  of  such  nature  that  a  unit  of  positive  electricity  when 
brought  to  that  point  will  possess  potential  energy.  The  poten- 
tial energy  is  not  developed  until  the  unit  of  positive  electricity 
is  there;  but  tlie  peculiar  condUhn  of  that  point,  due  to  tlie 
presence  of  tlie  cliarged  body,  exists  before  tlie  unit  of  electricitij 
is  hrouglit  up,  and  is  known  as  the  potential  of  that  point.  The 
electrical  potential  at  a  point,  therefore,  is  that  condition  of  the 
region  aliout  a  cliarged  body  in  virtue  of  which  a  unit  of  positive 
electricity  when  ])rought  to  that  point  will  possess  potential 
energy ;  and  the  measure  of  the  electrical  potential  at  a  point  is 
the  number  of  ergs  of  potential  energy  which  the  unit  of  positive 
electricity  mil  possess  when  brought  to  that  point. 

Accordingly,  the  electrical  potential  at  the  point  B,  Fig.  198, 
is  the  number  of  ergs  of  potential  energy  Avhich  the  unit  of  posi- 
tive electricity  Avill  possess  when  brouglit  to  B.  We  can  see 
that  this  is  so,  l)ecause  if  the  unit  of  positive  electricity  were 
brought  to  B  and  released,  it  Avould  move  off  to  infinity,  being 
repelled  l)y  Q,  and  in  so  doing  it  would  be  able  to  perform  just 
as  many  ergs  of  work  as  were  expended  upon  it  in  bringing  it 
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from  infinity  up  to  B.  The  attribute  of  -B,  therefore,  before  the 
unit  is  brought  up,  is  such  that  when  the  unit  of  positive  elec- 
tricity is  brought  from  infinity  to  that  point,  this  unit  will  posses 
an  amount  of  potential  energy  equivalent  to  the  number  of  ergs 
of  work  which  have  thus  been  expended.  Accordingly,  ihe  elec- 
trostatic potential  at  a  point  is  the  inmiber  of  ergs  of  work  that 
would  he  required  to  hring  a  unit  of  positive  electricity  from 
infinity  to  that  point. 

More  work  would  be  required  to  bring  up  the  unit  of  positive 
electricity  from  infinity  to  the  point  A  than  from  infinity  to  the 
point  B,  and  therefore  the  point  A  is  at  higher  potential  than  the 
point  B.  From  this  it  is  seen  that  the  difference  of  potential 
between  A  and  B  is  the  number  of  ergs  of  work  that  are  required 
to  carry  a  unit  of  positive  electricity  from  B  to  A.  In  general, 
the  difference  of  potential  between  any  tivo  points  is  the  number 
of  ergs  of  work  that  must  be  expended  in  carrying  a  unit  of 
positive  etectricity  from  one  point  to  the  other.  If  only  one  erg 
of  work  is  expended  in  bringing  the  unit  of  positive  electricity 
from  one  point  to  the  other,  these  points  have  a  difference  of 
potential  of  unity  between  them.  Accordingly,  two  points  have 
unit  difference  of  potential  between  them  when  one  erg  of  work 
is  required  to  brmg  the  unit  of  positive  electricity  from  one 
point  to  the  other. 

The  expressions  for  the  potential  at  a  point  and  for  the  differ- 
ence of  potential  between  two  points  are  of  the  greatest  impor- 
tance and  are  derived  in  the  following  paragraph. 

316.  Measurement  of  Potential.     As  before,  let  Q,  I'ig'.  190, 

represent  a  body  charged  positively  with  Q  units  of  electricity, 

and  let  A  and  B  be  two 

points  in  a  straight  line 

„  from  Q  and  at  distances 

A                     B 
I I r    and     r'    respectively 

f  1"         from  it.     If  a  unit  of 

positive     electricity     is 

Fig.   199.     The  measurement  of  the  difference      brought     UP     tO    B,   this 
of    potential    between    A    and   B.  ^  f  f 

unit  will  be  repelled  by 
Q  with  a  force 
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and  if  this  unit  is  broiiglit  up  to  A  it  will  be  repelled  with  the 
force 

Q  ■  ^  . 

r' 

In  order  to  measure  the  difference  of  potential  between  A  and 
B,  it  is  necessary  to  determine  the  work  which  must  be  done  in 
carrying  a  unit  of  positive  electricity  from  J5  to  ^.  This  work 
is  equal  to  the  product  of  the  force  with  which  this  unit  is 
repelled  and  the  distance 

r'  —  r 

through  which  this  force  must  be  exerted  between  these  two 
points.  The  force  by  which  this  distance  is  to  be  multiplied 
cannot  be  the  force  at  A,  because  this  is  too  large,  nor  can  it  be 
the  force  at  B,  for  this  is  too  small.  We  may,  therefore,  speak 
only  of  an  average  force  between  A  and  B;  and  the  work  which 
must  be  done  in  carrying  the  unit  of  electricity  from  B  to  A  is 
the  product  of  this  average  force  and  the  distance  r'  —  r. 
Moreover,  this  average  force  is  the  mean  of  the  forces  at  A  and  B, 
since  the  force  varies  continuously  and  according  to  the  same 
law  throughout  this  distance.  In  obtaining  this  average,  we  have 
to  deal  with  forces  which  vary  inversely  as  the  second  power  of 
the  distance,  and  hence  it  is  necessary  that  this  mean  should  be 
the  geometrical  mean,  which  is  the  square  root  of  the  product 
of  these  forces,  and  not  the  arithmetical  mean,  which  is  half 
their  sum.     Accordingly,  since  the  force  at  A  is 

r  ' 
and  tlie  force  at  B  is 
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7' 


the  average  force  between  A  and  B  is 


that  is 


1/    ,^,-' 


or 

r  r 
Since  the  distance  between  A  and  5  is 

r'  —  r, 
the  work  done  in  carrying  the  unit  from  S  to  A  is 


A  (,■■  -  -■), 

r  r 


or 


\r         r 


Acccrdingly,  the  difference  of  potential  between  A  and  B  is 


«ii-y 


V:  .i^if 
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If  V  represents  potential,  then  p^  represents  the  potential  at 
A  and  Tb  represents  the  potential  at  B,  and  the  difference  of 
potential  between  A  and  B  is  represented  by 


If  ii  is  taken  at  infinity,  then 


and 


r  =   20, 


r 


In  this  case  likewise 


T  c  =  0, 


and  the  difference  of  potential  between  A  and  infinity,  that  is, 
the  absolute  potential  at  A  is 

r 
It  is  to  be  noted  that 


and  tliat 


The/o/re  at  J  ^   ~, 
r' 


The  potf'ittiiff  at  A  =^  —. 
r 


Thus  it  is  seen  that  wliile  the  force  at  a  point  due  to  the  presence 
of  a  charged  ])ody  varies  inversely  as  the  square  of  the  distance 
from  that  body,  the  potential  at  the  same  point  due  to  the  same 
charged  body  varies  inversely  as  the  first  power  of  the  distance. 
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317.  Equipotential  Surfaces.  If  we  had  gone  out  from  the 
charged  body  in  any  other  direction,  we  should  have  been  able  to 
find  another  point  at  which  the  potential  is  the  same  as  that  at 
the  point  A.  There  exists,  therefore,  about  a  charged  body  an 
infinite  number  of  points,  at  any  one  of  which  the  potential  is 
the  same  as  at  any  other  one.  Through  all  such  points  it  is, 
accordingly,  possible  to  lay  an  imaginary  surface  such  that 
every  part  of  that  surface  shall  be  at  the  same  potential  as  every 
other  part.  Such  a  surface  is  known  as  an  equipotential  sur- 
face, because  the  potential  over  its  entire  extent  is  constant. 
The  equipotential  surface  about  a  charged  metallic  sphere  re- 
moved from  all  disturbing  influences  is  itself  a  sphere  concentric 
with  the  conductor;  but  if  the  conductor  is  of  any  shape  other 
than  spherical,  or  if  other  charged  bodies  are  anywhere  in  the 
neighborhood,  the  equipotential  surface  is  not  a  sphere.  "What- 
ever the  shape  of  the  charged  conductor  may  be,  it  itself  is  always 
an  equipotential  surface,  because  if  the  potential  were  not  the 
same  on  every  part,  electrons  would  flow  from  one  part  to  an- 
other until  the  whole  were  at  one  potential.  The  surface  of 
every  charged  conductor,  therefore,  however  irregular  this  may 
be,  is  an  equipotential  surface. 

Inasmuch  as  the  potential  due  to  a  charged  body  varies  in- 
versely as  the  distance  from  that  body,  it  is  possible  at  another 
distance  to  find  another  series  of  points,  for  all  of  which  the 
potential  has  a  uniform  value.  Through  these  points  we  may 
likewise  draw  another  equipotential  surface,  such  that  over  its 
entire  area  the  potential  is  everywhere  constant,  though  of  dif- 
ferent value  from  the  first.  In  a  similar  way  a  third  and  a 
fourth  and  many  other  equipotential  surfaces  may  be  drawn, 
and  indeed  the  entire  region  about  a  charged  body  may  thus  be 
divided  into  a  series  of  equipotential  surfaces.  If  these  surfaces 
are  so  taken  that  one  erg  of  work  is  required  to  carry  the  unit  of 
positive  electricity  from  one  surface  to  the  next,  the  potential 
of  each  surface  differs  by  unity  from  that  of  the  succeeding  one. 
These  equipotential  surfaces  between  which  there  exists  unit 
difference  of  potential  are  situated  relatively  near  together  at 
short  distances  from  the  charged  body  and  become  more  and 
more  widely  separated  from  one  another  as  the  distance  from  the 
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charged  body  increases.  This  is  due  to  the  fact  that  the  force 
becomes  rapidly  less  as  the  distance  from  the  charged  body  in- 
creases, and  therefore  the  distance  through  which  this  force 
must  be  moved  in  order  tliat  one  erg  of  work  may  be  done  be- 
comes increasingly  great. 

In  this  connection  it 
is  seen  that  no  work  is 
required  to  carry  the 
unit  of  positive  elec- 
tricity from  one  point 
upon  an  equipotential 
surface  to  any  other 
point  on  the  same  sur- 
face. This  is  true  be- 
cause the  potential 
over  this  entire  surface 
is  constant,  and  work 
can  be  done  only  when 
electricity  is  carried 
from  one  potential  to 
another.  Therefore,  if  the  positive  unit  is  carried  from  one 
equipotential  surface  to  another,  tlie  work  done  is  independent 
of  the  path  which  is  followed,  and  is  equal  to  the  average  force 
multiplied  by  the  perpendicular  distance  between  the  two  sur- 
faces. However,  devious  a  path  this  unit  may  follow  as  it  passes 
from  one  equipotential  surface  to  another.  Fig.  200,  its  motion 
may  always  be  resolved  into  two  components,  one  of  which  is 
parallel  to  the  equipotential  surface,  and  the  other  of  which  is 
perpendicular  to  this  surface.  It  requires,  hoAvever,  no  work  to 
(?tirry  a  charge  parallel  to  an  equipotenial  surface,  hence  the 
entire  work  is  expended  in  carrying  this  unit  along  the  normal 
component  of  the  path,  that  it,  along  the  perpendicular  line  be- 
tween the  two  equipotential  surfaces. 

318.  Electrostatic  Lines  of  Force.  The  region  all  about  a 
charged  body,  wherever  the  influence  or  presence  of  the  charged 
body  may  be  detected,  is  known  as  an  elctrostatic  field  of  force, 
or  simply  an  electrostatic  field,  Fig.  201.  If  a  unit  of  positive  elec- 
tricity were  placed  in  such  an  electrostatic  field,  it  would  tend  to 


Fig.    200.     Equipotential    surfaces. 
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Fig.  201.     Electrostatic  lines  of  force. 


move  from  the  region  of  high  potential  where  it  is  placed  toward 
a  region  of  lower  potential,  and  in  so  moving  it  would  describe  a 
certain  path.     Since  it  always  moves  under  the  action  of  the 

existing  electrical  forces, 
its  motion  at  each  point  of 
its  path  indicates  the  di- 
rection of  the  resultant 
force  at  that  point,  and 
the  path  which  this  mov- 
ing unit  of  positive  elec- 
tricity would  thus  trace 
out  is  known  as  a  line  of 
force.  A  line  of  force  in 
an  electrostatic  field  may 
therefore  be  defined  as 
the  path  along  which  a 
unit  of  positive  electricity  would  move  if  it  were  placed 
in  this  field,  or  it  may  be  defined  as  a  line  so  drawn  in  an  elec- 
trostatic, field  of  force  that  every  point  of  the  line  is  tangent  to 
the  direction  of  the  resultant  force  at  that  point. 

Since  a  unit  of  positive  electricity  always  tends  of  itself  to 
move  from  a  region  of  high  potential  toward  a  region  of  low 
potential,  a  line  of  force  in  general  has  its  origin  upon  a  posi- 
tively charged  body  and  ends  upon  a  negatively  charged  body. 
Even  if  a  positively  charged  body  stands  apparently  all  alone 
by  itself,  the  lines  of  force  go  out  from  it  and  end  upon  the  walls 
and  ceiling  of  the  room,  where,  as  we  shall  learn  later,  a  nega- 
tive charge  exists  by  induction,  equal  in  amount  to  the  positive 
charge  upon  the  body. 

If  we  mark  out  any  small  area  upon  the  positively  charged 
body  and  construct  lines  of  force  around  the  periphery  of  this 
area,  w^e  shall  have  a  tube  of  force,  Fig.  202,  the  walls  of  which 
consist  of  lines  of  force.  The  remote  end 
of  this  tube  of  force  will  intercept  a  cer- 
tain area  upon  the  negatively  charged 
body,  and  will  include  within  this  area 
Pig.  202.    A  tube  of  force,     a    negative    charge    equal    in    amount 
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to  the  positive  charge  upon  the  area  at  the  origin  of  the 
tube.  If  the  charge  at  each  end  of  such  a  tube  is  unity,  the  tube^ 
of  force  is  called  the  unit  tube. 

319.  Lines  of  Force  and  Equipotential  Surfaces  are  Perpen- 
dicular to  Each  Other.  Inasmuch  as  no  component  of  the  force 
exists  parallel  to  an  equipotential  surface,  it  is  evident  that  a 
line  of  force  must  go  out  normally  from  one  equipotential  sur- 
face and  must  meet  the  next  one  normally,  or,  in  other  words, 
lines  of  force  and  equipotential  surfaces  are  everywhere  per- 


FiG.  203.  Lines  of  force 
and  equipotential  sur- 
faces about  a  positively- 
charged  sphere. 


Fig.  204.  Lines  of  force  and  equipotential  surfaces 
about  two  spheres,  one  charged  positively  and  the 
other  negatively. 


pendicular  to  each  other.  Accordingly,  if  the  equipotential  sur- 
faces about  a  charged  sphere  form  a  system  of  concentric  spheres, 
the  lines  of  force  are  everywhere  radii  of  these  spheres,  Fig.  203. 
If  the  equipotential  surfaces  are  surfaces  of  irregular  shape,  as 
is  the  case  when  several  differently  charged  bodies  are  near  to- 
•gether,  the  lines  of  force  nevertheless  form  a  system  of  lines  pro- 
ceeding from  regions  of  high  potential  and  extending  to  regions 
■of  low  potential,  and  everywhere  meet  the  equipotential  surfaces 
perpendicularly. 

320.  The  Theory  of  Electrostatic  Lines  of  Force.  While  we 
really  know  nothing  about  the  mechanism  by  which  a  force  is 
exerted  at  a  di.stanee  from  aii  electrified  body,  and  therefore 
while  Ave  are  unacquainted  with  the  real  cause  of  the  flow  of 
■electricity,  as  well  as  the  reason  for  the  attraction  and  repulsion 
of  electrified  bodies,  it  is  nevertheless  believed  that  the  ether 
all  about  a  charged  bodj^  is  thrown  into  a  state  of  strain.     The 
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ether  may  be  conceived  to  be  a  jelly-like,  highly  elastic  sub- 
stance, which  is  compressed,  or  distended,  or  in  some  way  de- 
formed, as  soon  as  a  body  is  electrified.  It  is  probably  because 
of  these  distortions  in  the  ether  that  a  flow  of  electricity  is 
produced,  or  that  the  mechanical  attractions  and  repulsions  of 
electrified  bodies  take  place.  Accordingly,  when  two  similarly 
electrified  bodies  are  brought  near  each  other,  the  ether  in  the 
region  between  them  may  be  considered  as  compressed,  and  this 
compression  of  the  ether  causes  the  two  bodies  to  move  apart. 
In  the  same  way,  when  a  positively  charged  body  is  brought  into 
the  neighborhood  of  a  negatively  charged  body,  the  ether  in  the 
inteiwening  space  is  regarded  as  distended  or  stretched,  and  the 
two  bodies  are  accordingly  pulled  toward  each  other.  Moreover, 
the  lines  of  force  are  everywhere  tangent  to  the  direction  of  the 
force  at  every  point  throughout  the  field,  hence  it  is  undoubtedly 
true  that  the  lines  of  force  indicate  the  directions  along  which, 
the  ether  is  strained  in  the  neighborhood  of  an  electrified  body. 

These  strains  in  the  ether  produce  a  phenomenon  precisely 
analogous  to  tightly  stretched  elastic  cords,  and  it  is  thought  that 
it  is  because  of  the  tendency  of  these  lines  to  contract  that  the 
attraction  is  produced  between  a  positively  and  a  negatively 
charged  body.  In  the  same  way,  similarly  electrified  bodies  re- 
pel each  other,  because  in  the  space  between  two  such  bodies  a 
number  of  these  elastic,  rubber-like  lines  of  force  are  crowded, 
and  this  forces  the  two  bodies  apart.  Moreover,  lines  of  force 
never  intersect,  because  if  they  were  to  do  so,  the  resultant  force 
would  have  two  directions  at  the  point  where  the  intersection 
occurred,  which  is  impossible. 

When  a  glass  rod  is  electrified  by  being  rubbed  with  a  piece 
of  silk,  the  electrons  normal  to  the  two  are  redistributed,  the 
glass  losing  some  of  the  number  which  it  originally  had,  while 
the  silk  acquires  those  which  the  glass  loses.  Strains  in  the 
ether  extend  therefore  from  the  positively  charged,  high 
potential  glass  rod  to  the  negatively  charged  low  potential  silk, 
and  these  tend  to  draw  the  two  together.  Accordingly  more 
Avork  is  required  to  separate  the  glass  rod  from  the  silk  after 
they  are  rubbed  than  before  they  were  electrified;  and  the  en- 
ergy which  these,  electrified  bodies  possess,  therefore,  is  this-. 
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additional  work  that  has  been  done  in  separating  them.  Thus 
it  is  seen  that  electricity  itself  is  not  a  form  of  energy,  but  that 
the  energy  resides  in  the  strained  condition  of  the  ether  all 
•about  the  charged  bodv. 

\  321.  The  Potential  of  a  Charged  Sphere.  AVhen  a  point  is 
situated  at  the  distance  r  from  a  spherical  conductor  charged 
with  Q  units  of  electricity,  its  potential,  as  we  have  seen  (p,  359) 
is 


Moreover,  this  conductor,  as  has  likewise  been  seen,  (p.  3-16), 
acts  upon  exterior  bodies  as  if  its  entire  charge  were  concen- 
trated in  a  point  at  its  center. 

If  we  consider  a  point  exterior  to  a  charged  sphere  of  radius 
R,  but  infinitely  near  to  it,  this  point  is  then  at  the  distance  R 
from  the  center,  and  its  potential,  and  therefore  that  of  the 
entire  sphere,  is 

V  -  Q 

since  the  surface  of  the  sphere  is  the  limiting  case  of  an  external 
point.  Furthermore,  the  potential  is  constant,  not  only  over  the 
surface  of  the  sphere,  but  also  over  the  surface  of  any  charged 
conductor  in  equilibrium,  however  irregular  its  distribution  of 
charge  may  be,  since  otherwise  electrons  would  flow  until  there 
were  no  longer  a  difference  of  potential.  The  surface  of  any 
charged  conductor  is  therefore  an  equipotential  surface. 

It  may  also  be  shown  that  the  potential  is  constant  through- 
out the  interior  of  a  charged  conductor,  and,  indeed,  is  the  same 
in  value  as  that  of  the  conductor  itself.  This  may  be  seen  at 
once  by  considering  that  the  resultant  force  acting  upon  a  unit 
of  electricity  within  a  charged  conductor  is  everywhere  zero 
(p.  348),  so  that  no  work  would  be  required  to  move  the  unit 
from  one  part  of  the  interior  to  another.    Accordingly,  the  po- 
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tential  is  constant  throughout,  and  equal  to  that  of  the  con- 
ductor itself,  since  the  inner  surface  of  the  conductor  is  the  lim- 
iting position  of  an  interior  point.  Only  in  the  case  that  the 
conductor  surrounds  an  electric  charge,  that  is,  that  an  electric 
charge  is  brought  within  the  conductor  without  touching  it, 
is  there  electrification  and  also  a  difference  of  potential  within 
the  conductor.  Then  and  only  then  can  lines  of  force  exist  with- 
in a  charged  conductor,  for  lines^of  force  must  extend  from  a 
j^gion  of  high  potential  to  a  region  of  lower  potential. 

322.  The  Surface  Density  Upon  a  Charged  Body  Varies  In- 

^versely  as  the  Radius  of  Curvature.     If  two  charged  spheres 

of  radii  R  and  B'  are  connected  by  a  conductor.  Fig.  205,  the 

electrification  will  be 


so      distributed      be- ' 
between  the  two  that 
all  parts  of  the  sys- 
tem   will    be    at    the 
same     potential,      as 
shown     in     the 
preceding  paragraph. 
If  it  is  then  found  that  one  sphere  is  charged  with  Q  units  and 
the  other  with  Q'  units,  the  potential  of  the  first  will  be 


Fig.    205. 


The   surface  density   varies   inversely  as  -.yoa 
the  radius  of   curvature.  " 


Q 

R 


while  the  potential  of  the  second  will  be 

~R'' 

Since  there  can  be  no  difference  of  potential  between  two 
bodies  connected  by  a  conductor,  it  must  follow  that  the  po- 
tentials of  these  spheres  are  the  same,  and  that 


Q 
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But  (p.  344),  the  quantity  of  electricity  with  which  a  sphere  is 
charged  is 

Q  =  4:  TT  E-  a, 

where  K  is  the  radius  and  a  is  the  surface  density.    Accordingly, 

ATrJi-d         4  TT  Ji'-  a' 


or 


from  which 


K  a  ^=^  R'   a' , 


cr'  -  J{   ' 

It  is  thus  seen  that  if  two  spheres  are  connected  by  a  con- 
ductor and  charged,  the  charge  will  be  so  distributed  that  both 
will  have  the  same  potential,  after  which  the  surface  densities 
on  the  two  spheres  are  inversely  as  their  radii.  If  the  two 
spheres  are  now  conceived  simply  as  parts  of  an  extended  con- 
ductor having  difil'erent  radii  of  curvature,  the  potential  will  be 
everywhere  the  same,  and  the  surface  densities  upon  the  various 
parts  will  then  be  inversely  as  the  radii  of  curvature  of  these 
parts.  This  explains  the  unequal  distribution  of  the  charge  upon 
conductors  which  are  not  spherical  in  form. 

323.  The  Discharging  Power  of  Points.  If  we  now  conceive 
one  of  the  above  .spheres  to  grow  smaller,  its  surface  density  will 
become  greater  in  the  same  proportion  as  its  radius  becomes  less ; 
and  when  its  radius  is  indefinitely  small,  its  surface  density 
would  be  indefinitely  great,  v.-ere  it  not  for  the  fact  that  the 
diminishing  sphere  would  then  become  a  point,  and  a  point,  as 
we  have  seen  (p.  346),  serves  to  discharge  a  conductor. 
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The  underlying  cause  for  the  discharging  power  of  points  is 
found  in  the  rapid  fall  of  potential  which  occurs  in  their  neigh- 
borhood. This  may  at  once  be  seen  by  constructing  the  equipo- 
tential  surfaces  in  the  neighborhood  of  a  body  provided  wdth  a 
sharp  point.     Thus,  if  P,  Fig.  206,  is  a  metallic  point  on  the 

charged  conductor  AB,  the  poten- 
tial at  P  is  the  same  as  that  upon 
the  conductor  itself,  since  the  po- 
tential of  a  conductor  must  be  con- 
stant throughout.  Moreover,  if  C 
is  a  conductor  in  contact  with  the 
earth,  and  therefore  at  zero  poten- 
tial, just  as  great  a  fall  of  poten- 
tial must  exist  between  the  point 
P  and  C  as  exists  between  the  con 
ductor  AB  and  C  Accordingly, 
the  equipotential  surfaces  are 
crowded  close  together  in  the  vi- 
cinity of  P,  and  the  fall  of  potential  gradient  is  here  very  rapid. 
A  chance  electron  which  may  be  present  in  the  air,  being  at- 
tracted or  repelled  by  the  point,  then  passes  through  a  great 
difference  of  potential,  and  thus  acquires  an  enormous  velocity. 
So  great  is  its  energy,  because  of  its  increased  velocity,  that  it  dis- 
integrates an  air  molecule  upon  which  it  impinges,  disengaging 
electrons  from  its  atoms,  thus  leaving  the  latter  positively 
charged.  These  newly-released  particles  produce  similar  results, 
so  that  the  region  about  the  point  is  quickly  filled  with  a  swarm 
of  these  minute  charged  bodies,  which  then  act  as  carriers  of 
electricity  to  or  from  the  point,  thereby  discharging  it. 

Air  which  is  thus  filled  with  electrons  and  with  positively 
charged  atoms  that  have  lost  an  electron,  becomes  at  once  a  con- 
ductor of  electricity,  and  is  said  to  be  ionized. 


Fig.  206.  Tbe  rapid  fall  of  po- 
tential near  a  point,  produc- 
ing ionization. 


K, 


ELECTROSTATIC  INDUCTION. 


369 


CHAPTER  XXIV. 


ELECTROSTATIC   INDUCTION. 


324.  Electrostatic  Induction.  If  a  positively  charged  body 
A,  Fig.  207,  is  brought  near  a  long,  insulated,  neutral  con- 
ductor B,  but  not  so  near  that  electricity  can  pass  from  one  to 
the  other,  the  free  electrons  in  B  are  redistributed,  the  end  near 
A  becoming  nega- 
tively electrified, 
and  that  remote 
from  A  positively 
electrified.  If  com- 
munication is  now 
established  between 
any  part  of  B  and 
the  earth,  the  up- 
per end  loses  all 
traces  of  electrifi- 
cation, while  the 
lower  end  becomes 
still  more  strongly 
electrified.  If  the 
connection  with 
the  earth  is  now 
broken,     and     the 

body.vl  is  removed  or  discharged,  the  entire  surface  of  B  will 
be  found  to  be  negatively  electrified. 

The  explanation  of  the  electrification  of  B  in  the  three  cases 
may  be  given  as  follows,  first,  from  the  point  of  view  of  the  mu- 
tual action  of  electrified  particles. 

The  positive  charge  upon  A  attracts  the  free  electrons  upon  B, 
causing  them  to  flow  from  the  upper  end  towards  the  lower,  thus 
leaving  the  upper  end  charged  positively,  and  cliarging  the  lower 
end  negatively.     This  produces  the  electrification  of  B  in  the 
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Fig.    207 


The    various    stages    of    electrostatic    induc- 
tion. 
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first  case.  "When  B  is  connected  by  a  conductor  -with  the  earth, 
electrons  flow  from  the  earth  into  B  and  distribute  themselves 
uniformly  over  it,  thus  making  the  upper  part  neutral,  and  elec- 
trifying the  lower  part  more  strongly  negatively.  This,  then, 
represents  the  electrification  of  B  in  the  second  case.  When  A 
is  now  removed  or  discharged,  the  electrons  are  no  longer  at- 
tracted in  excessive  numbers  towards  the  lower  part  of  B,  but 
distribute  themselves  over  the  entire  conductor  according  to  the 
law  of  the  surface  density  for  a  conductor  of  this  form ;  and  as 
electrons  had  flowed  from  the  earth  into  B  when  the  latter  was 
connected  with  the  earth,  this  conductor  is  now  electrified  neg- 
atively throughout.  This  constitutes  the  electrification  in  the 
third  case. 

Also  from  the  point  of  view  of  the  theory  of  potential  we  may 
explain  the  electrification  of  B,  this  method,  however,  being  in 
every  way  equivalent  to  the  first.  In  doing  this,  it  is  necessary 
to  consider  the  potential  of  B  in  each  of  the  three  cases.  In  the 
first  case,  it  is  to  be  observed  that,  except  during  the  exceedingly 
short  time  required  for  the  rearrangement  of  the  electrons,  there 
can  be  no  difi'erence  of  potential  between  the  different  parts  of 
B,  inasmuch  as  5  is  a  conductor.  Notwithstanding  the  fact  that 
one  end  of  B  is  charged  positively  and  the  other  negatively,  both 
ends  are  at  the  same  potential.  In  the  third  ease,  when  the  body 
A  is  removed,  B  is  found  to  be  charged  negatively  throughout. 
Since  B  had  its  normal  number  of  electrons  and  was  at  zero  po- 
tential before  it  was  brought  into  the  presence  of  A,  electrons 
must  have  flowed  from  the  earth  into  B  in  the  second  case,  when 
B  was  connected  with  the  earth,  or  grounded.  It  is  evident, 
therefore,  that  B  must  have  been  at  high  potential  before  com- 
munication between  it  and  the  earth  was  established,  and  this 
could  have  been  brought  about  only  by  the  presence  of  the  body 
A.  Accordingly,  the  simple  presence  of  the  body  A,  which  itself 
is  at  high  potential,  raises  the  potential  of  the  body  B. 

In  general,  the  presence  of  a  body  of  high  potential  raises  the 
potential  of  all  other  bodies  in  its  neighborhood,  and,  conversely, 
the  presence  of  a  body  of  low  potential  lowers  the  potential  of 
all   other  bodies  in  its  neighborhood.     The   nearer  a  body  is 
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brought  to  a  region  of  high  potential,  the  higher  does  its  own 
potential  become. 

It  is  now  not  difficult  to  understand  how,  in  the  first  case,  the 
free  electrons  normal  to  B  are  rearranged,  and  the  two  ends  of 
this  body  become  oppositely  charged.  AVhen  B  is  brought  into 
the  presence  of  A,  the  lower  end  of  B  is  brought  nearer  to  the 
region  of  high  potential  than  the  upper  end,  and,  for  an  instant, 
accordingly,  the  lower  end  is  at  higher  potential  than  the  upper 
end.  The  free  electrons  in  B  are  therefore  redistributed,  flow- 
ing from  the  upper  end  to  the  lower,  leaving  the  upper  end 
charged  positively,  and  charging  the  lower  end  negatively,  this 
flow  continuing  until  there  is  no  longer  a  difference  of  potential 
between  the  two  ends. 

When  the  electrons  are  at  rest  upon  a  conductor  or  a  system 
of  conductors,  it  is  evidence  that  there  can  be  no  difference  of 
potential  between  any  parts  of  the  system.  Accordingly,  in  the 
first  case,  after  the  redistribution  of  the  electrons  has  been  ef- 
fected, there  is  no  difference  of  potential  between  the  two  ends 
of  B,  although  one  end  is  now  charged  negatively  and  the  other 
positively.  Moreover,  both  ends  are  now  not  only  at  the  same 
potential,  but  they  are  at  high  potential,  since  both  are  in  the 
presence  of  A.  Therefore,  since  the  potential  of  B  is  constant 
throughout,  electrons  will  flow  from  the  earth  in  equally  large 
numbers  to  both  ends  of  B  whenever  any  part  of  B  is  connected 
with  the  earth,  and  will  continue  to  flow  until  B  is  at  zero  po- 
tential. 

When  A  is  removed,  the  space  which  A  occupied  is  lowered  in 
potential,  and  this  lowers  the  potential  oi  B  .  B  is,  accordingly, 
negatively  charged,  since  electrons  flowed  from  the  earth  upon 
it ;  and  it  is  also  at  low  potential,  inasmuch  as  its  potential  w^as 
zero  when  it  was  connected  with  the  earth,  and  this  has  now  been 
lowered,  due  to  the  removal  of  the  high  potential  A.  Therefore, 
when  B  is  once  more  connected  with  the  earth,  the  excess  of  elec- 
trons Avhich  it  now  contains  flows  to  the  earth,  raising  its  po- 
tential again  to  zero,  and  restoring  this  body  to  its  normal, 
neutral  condition. 

The  redistribution  of  electrons  upon  B  due  to  tlie  presence  of 
A   is  known  as  induction,  and  the  body  7>  is  said  to  be  charged 
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by  induction  due  to  the  influence  of  the  body  A.  In  general,  a 
body  of  high  or  low  potential  induces  charges  upon  all  other 
bodies  in  its  neighborhood. 

It  is  interesting  to  observe  the  relation  existing  between  the 
lines  of  force  (p.  362)  which  radiate  from  a  body  of  high  po- 
tential and  the  charges  which  this  body  induces  upon  all  con- 
ductors in  its  electrostatic  field  of  force.  The  lines  of  force  which 
emanate  from  A  and  are  intercepted  by  B,  Fig.  208,  fall  upon 
the  end  of  B  wliich  is  negatively  electrified,  while  lines  of  force 
connect  the  remote,  positively  electrified 
end  of  B  with  other  regions  which  are 
still  lower  in  potential.  It  is  thus  seen 
that  lines  of  force,  in  connecting  regions 
of  high  potential  with  those  of  lower 
potential,  really  emanate  from  a  posi- 
tively charged  body  and  end  upon  a 
body,  or  a  portion  of  a  body,  which  is 
negativel.y  charged.  The  fact  that  lines 
of  force  enter  the  end  of  B  near  A  and 
leave  the  end  of  B  remote  from  A  indi- 
cates that  the  end  of  B  near  A  is  charged 
negatively,  and  that  the  end  of  B  remote 
from  A  is  charged  positively.  Any  body 
or  portion  of  a  body,  therefore,  which  has 
elt?etrostatic  lines  of  force  entering  it  is 
charged  negatively,  and  any  body  or 
portion  of  a  body  which  has  electrostatic 
lines  of  force  enierging  _frqm  it  is 
£liarged__pgsitiyely.  It  would  be  impossible  for  lines  of  force  to 
connect  two  bodies  similarly  and  equally  charged. 

An  electrostatic  line  of  force,  accordingly,  always  originates 
in  a  positively  charged  body  or  the  positively  charged  portion 
of  a  body.  Even  if  a  positively  eliarged  body  is  apparently  sit- 
uated entirely  alone  and  uninfluenced  by  other  electrified  bodies, 
the  lines  of  force  which  emanate  from  it  end  upon  the  ceiling, 
the  walls,  and  the  floor  of  the  room,  and  here  develop  negative 
charges  by  induction  equal  in  magnitude  to  the  original  posi- 
tive charge  upon  the  electrified  body.  If  a  neutral  body  has  lost 
electrons  so  that  it  is  positively  charged,  the  body  itself  is  then 


Fig.  20S.  Ijiness  of  force 
in  electrostatic  induc- 
tion. 
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the  origin  of  a  number  of  lines  of  force  which  emanate  from  this 
body  and  end  upon  a  negatively  charged  body  somewhere  in  the 
neighborhood.  In  a  similar  way,  if  electrons  have  been  added 
to  a  body  so  that  the  latter  is  charged  negatively,  this  body  is 
the  ending  place  of  lines  of  force  which  come  to  it  from  sur- 
rounding positively  charged  bodies.  If,  however,  the  normal 
electrons  upon  a  body  have  l)een  simply  rearranged  by  induction, 
as  is  the  case  with  the  body  B,  Fig.  208,  so  that  one  end  is 
charged  positively  and  the  other  negatively,  the  body  itself  is 
not  the  origin  of  any  lines  of  force,  for  just  as  many  lines  of 
force  leave  the  body  from  the  positively  charged  end  as  enter  it 
from  the  negatively  charged  end. 

The  various  stages  of  this  experiment  illustrate  the  important 
principle  that  when  charges  of  electricity  in  the  neighborhood 
act  inductively  upon  a  given  body,  the  nature  of  the  charge  upon 
the  body  cannot  lie  determined  from  its  potential,  nor  can  the 
potential  of  the  body  be  determined  from  its  charge.  Only  when 
a  liody  stands  alone  and  is  wholly  uninfluenced  by  other  elec- 
trified bodies  can  it  be  assumed  that  the  body  is  at  high  poten- 
tial if  it  kt  charged  positively,  and  at  low  potential  if  it  is 
charged  negatively.  In  general,  however,  the  charge  does  not 
depend  upon  the  potential,  nor  does  the  potential  depend  upon 
the  charge. 

325.  The  Gold-Leaf  Electroscope  Charged  by  Induction.    In 

electrifying  the  leaves  of  the  gold-leaf  electroscope,  if  the  knob 
is  actually  touched  by  a  positively  electrified  glass  rod  it  will 
Le  found  that  the  high  potential  of  the  rod  will  agitate  the  leaves 
so  violently  that  there  is  danger  of  tearing  or  destroying  them. 
It  is  better,  therefore,  always  to  electrify  the  leaves  by  induc- 
tion, after  the  manner  in  which  the  body  B  (p.  369)  was  elec- 
trified. This  process  may  likewise  be  explained  either  by  the 
attraction  and  repulsion  of  electrified  particles,  or  by  the  in- 
fluonce  which  one  electrified  body  exerts  upon  another,  tliat  is, 
by  the  theory  of  potential. 

If  it  is  desired  to  charge  the  electroscope  positively,  we  first 
bring  near  the  instrument  a  negatively  charged  body,  such  as 
an  electrified  rub])er  rod.  Fig.  209.     This  will  repel  to  the  gold- 
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leaves  the  free  electrons  Avliieh  are  present  in  the  knob  and  con- 
necting rod,  leaving  the  knob  charged  positively,  and  charging 
the  leaves  negatively.  This  is  the  first  case  in  the  analogy  with 
the  bodies  A  and  B.  If  the  knob  or  any  part  of  the  connecting 
rod  is  now  tonehed  bv  the  hand,  electrons  will  flow  from  everv 


Fig.   209.     The  gold-leaf  electroscope  charged   by  induction. 


part  of  the  system,  leaving  the  leaves  entirely  neutral,  and 
charging  the  knob  still  more  strongly  positively,  thus  forming 
the  second  case.  If  the  connection  with  the  earth  is  now  broken 
and  the  rubber  rod  then  removed,  the  knob,  the  rod,  and  the 
gold-leaves  will  be  found  to  be  positively  charged,  since  electrons 
flowed  away  from  this  system  when  it  was  connected  with  the 
earth.     This  constitutes  the  third  case. 

By  the  theory  of  potential,  this  process  is  quite  as  simply  ex- 
plained, and  is,  perhajDS.  even  more  illuminating.  Here  the 
negatively  charged  rod  takes  the  place  of  the  body  A,  while  the 
electroscope  itself  represents  the  body  B.  The  low  potential  of 
the  negatively  charged  rod  lowers  the  potential  of  all  bodies  in 
its  neighborhood,  and  hence  lowers  the  potential  of  the  elec- 
troscope. Moreover,  the  knob  of  the  electroscope  is  nearer  the 
electrified  rubber  rod  than  are  the  gold-leaves,  therefore,  for 
an  instant,  the  knob  is  at  a  lower  potential  than  the  gold-leaves, 
that  is,  for  an  instant,  the  leaves  are  at  a  higher  potential  than 
the  knob,  and,  as  a  consequence,  electrons  flow  from  the  knob  to 
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the  leaves.  The  electrons  normal  to  the  electroscope  are  there- 
fore rearranged,  the  gold-leaves  becoming  negatively,  and  the 
knob  positively,  electrified,  but  the  leaves  and  the  knob  are  now 
at  the  same  potential.     This  forms  the  first  case. 

If,  while  the  rubber  rod  is  still  in  j^lace,  the  low  potential  knob 
is  now  connected  with  the  earth,  electrons  flow  from  all  parts 
of  the  electroscope  to  the  earth,  leaving  the  leaves  unelectrified, 
charging  tlie  knob  more  strongly  positively  than  before,  and 
raising  the  potential  of  the  entire  S3'stem  to  zero.  This  corres- 
ponds to  the  second  case.  If  the  connection  with  the  earth  is 
broken  and  the  electrified  rod  then  removed,  the  space  which  the 
rod  occupied  becomes  at  higher  potential,  and  this  raises  the 
potential  of  the  electroscope,  which  thus  becomes  at  high  poten- 
tial. Moreover,  when  connection  with  tlie  earth  was  established, 
electrons  flowed  from  the  electroscope  to  the  earth,  leaving  a 
deficit  of  electrons  upon  the  electroscope,  which  means  that  the 
latter  is  now  charged  positively.  This  is  the  third  case.  By 
induction,  therefore,  the  potential  of  the  electroscope  was  lowered 
through  the  low  potential  of  the  rubber  rod,  so  that,  when  con-: 
nection  was  made  with  the  earth,  electrons  flowed  from  the  low- 
potential  knob  and  leaves  to  the  earth,  leaving  the  system  charged 
positively. 

326.  The  Electrophorus.  The  eleetrophorus  is  a  device  for 
obtaining  electricity  in  unlimited  quantities  by  induction.  This 
apparatus  consists  of  a  plate  of  hard  rubber  or  resin,  and  a 
metal  disc,  or  cover,  provided  with  an  insulating  handle.  The 
hard  rubber  plate  is  electrified  negatively  by  rubbing  or  beating 
Avith  cat's  fur,  and  the  cover  is  then  lowered  until  it  rests  upon 
the  plate.  The  cover  is  then  touched,  or  otherwise  connected 
with  the  earth,  after  which,  when  it  is  lifted  by  its  insulating 
handle,  it  is  found  to  be  positively  electrified.  As  in  all  other 
instances  of  static  induction,  we  may  look  upon  the  charging  of 
the  cover  of  the  electrophorus  from  two  different  points  of  view, 
which,  however,  are  indentieal  in  their  significance. 

From  the  view  that  similarly  electrified  bodies  repel  one  an- 
other, we  see  that  when  the  cover,  held  by  its  insulating  handle, 
is  brought  near  the  negatively  charged  rubber  plate,  the  elec- 
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trons,  which  are  in  excess  upon  the  plate,  repel  the  free  electrons 
of  the  metal  cover,  thus  charging  the  lower  surface  of  the  cover 
positively.  Fig.  210.  Indeed,  the  cover  is  brought  down  until 
it  rests  upon  the  hard  rubber  plate,  without,  however,  discharg- 
ing it,  since  the  inequalities  of  both  surfaces  permit  of  contact 
in  but  three  or  four  points,  which  does  not  materially  affect  the 
original  electrification  of  the  plate.  If  contact  is  now  made 
between  the  cover  and  the  earth,  electrons  flow  from  both  sur- 
faces of  the  cover  to  the  earth,  leaving  the  lower  surface  more 
highly  positively  charged  than  before,  and  the  upper  surface 
neutral.  When  the  connection  with  the  earth  is  now  broken 
and  the  cover  lifted,  the  latter  is  found  to  be  charged  positively, 
since  electrons  escaped  during  contact  with  the  earth. 

From  the  view  that  an  electrified  body  influences  the  potential 
of  the  region  all  about  itself,  we  can  see  that  the  negatively 
electrified  rubber  plate,  representing  the  body  A  (p.  369),  is  at 
low  potential  itself,  and  therefore  lowers  the  potential  of  all 
neighboring  bodies.     Accordingly,   when  the  cover,  which  eor- 
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Fig.  210.     The  action  of  the  electrophorus. 


responds  to  the  body  B,  is  brought  dowTi  upon  the  plate,  it  is 
brought  into  a  region  of  low  potential,  and  so  becomes  itself  at 
low  potential.  IMoreover,  the  lower  surface  of  the  cover  is  nearer 
the  region  of  low  potential  than  is  the  upper  surface,  and  is 
therefore  at  lower  potential.  For  an  instant,  then,  there  is  a 
difference  of  potential  between  these  two  surfaces,  which  causes 
the  free  electrons  to  flow  from  its  lower  surface  to  the  upper, 
leaving  the  former  charged  positively,  and  charging  the  latter 
negatively.  Though  oppositely  electrified,  both  surfaces  are 
now  at  the  same  potential,  and  this  is  low,  since  both  are  in  the 
region  of  the  negatively  electrified,  low  potential  hard  rubber 
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plate.  This  is  the  first  case  in  the  analogy  with  the  bodies  A 
and  B. 

If  the  low  potential  cover  is  now  tonched  with  the  finger,  oi 
otherwise  connected  with  the  earth,  electrons  flow  from  the  low 
potential  cover  to  the  earth,  thus  leaving  a  deficit  of  electrons 
upon  the  cover,  and  raising  its  potential  to  zero.  This  forms 
tlie  second  case.  If  the  connection  with  the  earth  is  now  broken 
and  the  cover  lifted,  it  will  be  found  to  l)e  positively  electrified, 
inasmuch  as  electrons  escaped  from  it  when  it  was  connected 
with  the  earth.  :Moreover,  it  has  been  lifted  away  from  the  low- 
potential  region  of  the  hard  rubber  plate,  and  is,  therefore,  now 
at  high  potential,  thus  forming  the  third  case. 

The  only  service  performed  by  the  negatively  charged  rubber 
plate  is  to  lower  the  potential  of  the  cover,  so  that  electrons  will 
escape  from  it  when  it  is  connected  with  the  earth.  Further- 
more, all  these  operations  have  in  no  way  disturbed  the  original 
negative  electrification  of  the  hard  rubber  plate;  and  so,  after 
the  cover  has  been  discharged,  it  may  again  be  lowered  upon  the 
plate  and  another  charge  secured  in  the  same  way.  A  single 
electrification  of  the  hard  rubber  plate  enables  us,  therefore,  to 
ol)tain  by  induction  an  indefinite  supply  of  electricity,  simply 
by  using  this  plate  to  lower  the  potential  of  the  cover  before  this 
is  connected  with  the  earth. 

The  positive  charges  of  electricity,  which  are  thus  secured  each 
time  upon  the  cover,  may  be  used  to  charge  a  conductor,  or  may 
be  consumed  in  performing  mechanical  work.  Accordingly,  each 
electrification  of  the  cover  represents  a  certain  store  of  energy; 
and  since  the  electrification  of  the  hard  rubber  plate  remains 
unchanged,  the  question  may  fairly  be  asked,  what  is  the  source 
of  this  energy?  The  answer  lies  in  the  fact  that  more  work  is 
required  to  lift  the  cover  after  it  has  been  connected  with  the 
earth  than  before,  by  the  amount  of  work  required  to  overcome 
the  attraction  of  the  negatively  charged  rubber  plate  and  the 
positively  charged  cover.  In  other  words,  the  positive  charge 
upon  the  cover  has  been  lifted  from  a  region  of  low  potential  to 
a  region  of  higher  potential,  and,  in  so  doing,  every  unit  of  this 
charge  requires  the  expenditure  of  an  amount  of  work  which 
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measures  the  difference  of  potential  between  the  two  positions, 
as  we  have  seen  under  the  measurement  of  potential  (p.  356). 
The  positive  charge,  when  lifted  from  the  lower  to  the  higher 
potential,  possesses,  in  the  latter  position,  an  amount  of  potential 
energy  equivalent  to  the  work  done  against  the  electric  forces  in 
raising  it  to  the  higher  potential.  If  left  to  itself,  the  electrified 
body  upon  which  this  positive  charge  rests  would  then  move 
again  tow'ards  the  region  of  low  potential,  and  thereby  perform 
work ;  or,  Avhat  is  the  same  in  effect,  electrons  w^ould  flow  through 
a  suitable  conductor  from  a  region  of  low  potential  to  this  elec- 
trified body  at  high  potential,  and  perform  the  same  amount  of 
work.  In  either  event,  a  current  would  be  said  to  flow  from  the 
body  at  high  potential  towards  the  region  of  low  potential.  We 
now  believe,  however,  that  it  is  the  electrons  moving  from  the 
region  of  low  potential  towards  the  region  of  high  potential  that 
constitutes  the  current,  though  long-continued  belief  in  the  idea 
that  it  was  the  positive  charge  that  moved  compels  us  still  to 
say  that  the  current  flows  from  the  region  of  high  potential  to- 
wards the  region  of  low  potential,  or  in  a  direction  opposite  to 
that  in  which  the  electrons  move. 

327.  Faraday's  Ice-Pail  Experiment.  The  great  investiga- 
tor, Faraday,  performed  a  classic  experiment  which  beautifully 
illustrates  the  flow  of  electrons  under  a  difference  of  potential, 
and  the  redistribution  of  these  electrons  which  one  body  can 
effect  upon  another  by  induction. 

For  lack  of  a  better  conductor,  Faraday  used  a  metal  pail 
for  carrying  ice,  and  this  he  insulated  by  placing  it  upon  a  sheet 
of  glass,  at  the  same  time  connecting  it  by  a  fine  wire  with  his 
gold-leaf  electroscope.  Into  the  ice-pail  he  then  lowered  a  posi- 
tively electrified  ball  held  by  a  silk  thread,  and  observed  upon 
his  gold-leaf  electroscope  the  effect  produced  by  the  inductive 
action  of  the  ball  upon  the  ice-pail.  His  arrangement  may  be 
represented  by  the  accompanying  diagrams.  Fig.  211.  The 
ice-pail  and  the  electroscope  being  originally  in  their  neutral 
condition,  the  positively  charged  ball  is  lowered  into  the  pail 
without  touching  its  sides,  and  held  by  the  silk  thread.  This 
positively  charged  ball  then  acts  as  the  body  A,  and  the  ice-pail 
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with  the  electroscope  attached  represents  the  body  B  of  the  pre- 
vious sections. 

If  we  think  of  the  various  phenomena  as  occurring  because  of 
the  action  of  electrified  particles  upon  one  another,  we  can  see 
that  the  positively  charged  ball  when  introduced  into  the  ice-pail 
will  effect  a  redistribution  of  the  electrons  upon  the  latter, 
attracting  them  to  the  inner  surface  of  the  pail,  and  leaving 
the  outer  surface  thereby  charged  positively.  The  electroscope 
which  is  attached  to  the  pail  therefore  indicates  a  positive  charge. 
If  the  ball  is  moved  to  another  position  within  the  pail,  the 
distribution  of  elec- 
trons upon  the  in- 
terior surface  is 
altered  so  that 
they  congregate  in 
greatest  numbers 
nearest  the  ball, 
but  the  exterior 
charge,  as  indicat- 
ed by  the  electro- 
scope, undergoes 
no  change.  If  the 
ball  now  touches 
the  inner  surface, 
all  traces  of  electrification  upon  the  interior  disappear,  but  the 
charge  upon  the  exterior  remains  unaffected. 

The  explanation  of  these  phenomena  upon  the  potential  theory 
is  most  helpful  in  enabling  us  to  understand  the  flow  of  the 
electrons  under  a  difference  of  potential.  -The  ball,  being 
charged  positively  and  removed  from  all  other  electrified  bodies, 
is  at  higli  potential,  and  this  raises  the  potential  of  all  other 
bodies  in  its  neighborhood.  The  ice-pail  therefore  is  raised  in 
potential;  and  since  the  interior  is  nearer  the  region  of  high 
potential,  it  is  for  an  instant  at  higher  potential  than  the  exterior. 
The  free  electrons  upon  the  pail  and  the  electroscope  are  then 
redistributed,  floAving  from  the  lower  potential  exterior  to  the 
higher  potential  interior,  charging  the  interior  negatively,  and 
leaving  the  electroscope  and  the  exterior  of  the  pail  charged 


Fig.  211.     The  ice-pail  experiment. 
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positively.  This  tiow  of  electrons  continues  until  the  cLctro- 
■scope  and  both  surfaces  of  the  pail  are  at  the  same  potential. 
If  the  little  charged  ball  is  now  moved  about  within  the  pail, 
but  at  no  time  touching  its  sides,  not  the  slightest  change  in  the 
deviation  of  the  gold-leaves  can  be  detected,  showing  that  when 
the  body.  A  is  entirely  surrounded  by  the  body  B,  the  potential 
of  B  does  not  depend  upon  the  position  of  A  upon  the  interior. 

The  charge  upon  the  interior  of  the  ice-pail  illustrates  the 
remark  made  in  a  former  paragraph  (p.  346),  that  it  is  only 
when  a  charged  body  is  actually  brought  inside  another,  but 
Avithout  touching  it,  that  a  static  charge  can  exist  upon  the  in- 
terior surface  of  a  conductor. 

If  the  charged  ball  is  made  to  touch  the  inner  surface  of  the 
ice-pail,  the  gold-leaves  show  absolutely  no  movement  whatever; 
and  if  the  ball,  which  then  forms  part  of  the  inner  surface  of 
the  pail,  is  carefully  Avithdrawn,  it  will  be  found  to  be  com- 
pletely discharged.  Moreover,  the  charge  upon  the  interior  of 
tlie  pail  has  entirely  disappeared,  showing  that  the  negative 
charge  induced  upon  the  interior  is  equal  to  the  positive  charge 
upon  the  little  liall.  The  positive  charge  upon  the  exterior  of 
the  pail  and  upon  the  electroscope  remains,  however,  this  being 
exactly  equal  to  the  original  charge  upon  the  ball. 

328.  The  Lines  of  Force  in  the  Ice-Pail  Experiment.     The 

various  electrical  phenomena  which  the  three  stages  of  this  ex- 
periment illustrate  may  be  most  beautifully  studied  by  consider- 
ing the  lines  of  force  which  emanate  from  the  charged  ball 
when  it  is  introduced  into  the  interior  of  the  ice-pail. 


Fig.   212.     The  lines  of  force  in  tlie  ice-pail    experiment. 
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If  the  ball  is  lowered  into  the  pail  and  the  metal  cover  put  on, 
all  the  lines  of  force  which  go  out  from  the  high  potential  ball 
are  intercepted  by  the  pail,  and  radiate  again  from  the  pail, 
showing  that  the  exterior  is  positively  charged.  Moreover,  the 
lines  of  force,  as  they  go  out  from  the  ball  and  terminate  upon 
the  interior  of  the  pail,  show  (p.  872),  that  the  interior  of  the 
pail  is  charged  negatively.  If  now,  the  ball  is  moved  about  in 
the  pail,  the  lines  of  force,  as  they  diverge  from  the  ball,  will 
congregate  most  thickly  on  the  inside  of  the  pail  nearest  the 
ball,  but  this  will  in  no  way  affect  the  distribution  of  the  lines, 
of  force  which  radiate  from  the  outside  of  the  pail. 

"When  the  little  charged  ball  is  touched  to  the  inside  of  the  pail, 
the  higli  potential  of  the  ball  causes  electrons  to  tiow  to  it  from 
the  lower  potential  pail ;  and  since  all  traces  of  electrification 
have  now  disappeared  upon  the  interior  of  the  pail  as  well  as 
upon  the  ball,  it  is  proved  that   the   negative    charge  upon  the 
interior  of  the  pail  was  just  equal  to  the  positive  charge  upon 
the  little  ball.     The  ball  now  forms  a  part  of  the  interior  of  the 
charged  ice-pail,  and,  as  we  might  have  anticipated,  it  has  lost  its 
charge   completely,  since  we  know    (p.   345)    that,   in  general, 
there  can  be  no  electrification  upon  the  interior  of  a  charged 
body.     It  is  to  be  observed,  furthermore,  that  all  traces  of  lines 
of  force  also  have  disappeared  from  the  interior  of  the  pail ;  and 
since  lines  of  force  always  go  out  from  a  body  of  high  potential 
and  end  upon  a  body  of  lower  potential,  there  can  be  no  differ- 
ence of  potential  upon  the  interior  of  the  pail.     Therefore,  the 
interior  the  pail  is  at  a  potential  which  is  constant  throughout, 
/   and  wliieh  is  the  same  in  value  as  that  of  the  pail  itself  (p.  365). 

-,^ 

"A,  ^  329.  The  Holtz  Machine.  The  Holtz  machine  is  a  device  for 
^^  o)  obtaining  a  continuous  supply  of  electricity  by  induction,  and 
0  \^  might  be  called  a  continuous  electrophorus.  This  consists  of  a 
fixed  glass  plate,  denoted  by  the  larger  circle  in  the  diagram, 
Fig.  2l3,  and  a  smaller  rotating  glass  plate  nearer  the  observer, 
denoted  by  the  smaller  circle.  TTpon  the  back  side  of  the  fixed 
plate  are  pasted  two  paper  or  tin-foil  sectors  A  and  B,  and  upon 
the  front  side  of  the  rotating  plate  are  fastened  a  number  of 
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little  tin-foil  buttons.  Two  metal  conductors  C  and  D  are  bent 
around  the  edge  of  the  plates  and  terminate  on  the  front  side 
of  the  revolving  plate  in  metal  brushes.  As  the  plate  turns, 
these  metal  brushes  so  touch  the  tin-foil  buttons,  that  when  the 
latter  are  just  under  the  brushes  they  are  connected  with  the 
sectors  A  and  B  upon  the  back  side  of  the  fixed  plate.  Two 
metal  conductors  E  and  F  are  supported  near  the  front  of  the 
revolving  plate,  the   ends  near  the  center  of  the  plate  being 

rounded  into  knobs, 
and  those  near  the 
circumference  being 
provided  with  a  ser- 
ies of  sharp  points, 
called  the  combs. 
These  sharp  points 
extend  directly  to- 
wards tlie  moving 
plate  and  lie  very 
near  to  it.  This  plate 
is  supposed  to  turn 
towards  the  little 
metal  brushes  on  the 
conducting  wires  C 
and  D,  and  therefore 
in  the  direction  indicated  by  the  arrows. 

If  we  follow  the  conception  that  the  electrical  processes  take 
place  because  of  the  mutual  action  of  electrified  particles,  we 
may  assume  that  a  number  of  chance  electrons  have  happened  to 
accumulate  upon  one  of  the  sectors,  A,  for  instance,  thereby 
charging  it  negatively.  These  electrons  in  A  repel  the  electrons 
in  the  tin-foil  buttons  near  this  sector ;  and  w^hen  these  buttons 
pass  under  the  points,  or  the  comb,  of  the  conductor  E,  electrons 
escape  from  the  buttons  and  from  the  surface  of  the  glass  plate 
and  flow  through  the  points  to  this  conductor,  charging  it  nega- 
tively, and  leaving  the  buttons  and  the  plate  charged  positively. 
As  the  plate  revolves,  these  positively  charged  buttons  touch  the 
metal  brush  at  the  end  of  the  conductor  D,  thus  enabling  elec- 
trons to  flow  from  the  sector  B  through  this  conductor  upon  the 


Fig.  213.     The  Holtz  machine. 
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buttons,  making  these  once  more  normal,  and  leaving  B  positively 
charged. 

Since  B  is  now  charged  positively,  it  attracts  the  electrons  in 
the  conductor  F,  so  that  these  flow  through  the  points  off  upon 
the  buttons  and  upon  the  surface  of  the  plate,  leaving  F  charged 
positively,  and  charging  the  buttons  and  the  surface  of  the  plate 
negatively.  "When  a  button,  thus  charged  negatively,  touches 
the  tinsel  brush  on  the  conductor  C,  electrons  from  this  button 
flow  through  this  brush  and  the  conductor  to  the  sector  A,  charg- 
ing this  sector  still  more  strongly  negatively,  and  leaving  the 
button  once  more  in  its  normal  condition.  As  this  portion  of  the 
plate  now  turns  so  as  to  pass  under  the  comb  opposite  the  Si'Ctor 
A,  the  electrons  upon  the  buttons  are  once  more  repelled  through 
these  points  to  the  conductor  E,  thus  charging  this  conductor  still 
more  strongly  negatively.  The  glass  plate,  moreover,  still  contains 
upon  its  surface  the  electrons  that  flowed  off  upon  it  when  it 
was  under  the  comb  of  the  conductor  F,  near  the  sector  B.  These 
electrons  upon  the  surface  of  the  plate  are  likewise  repelled  by 
the  electrons  upon  A,  and  therefore  flow  off  from  the  plate 
through  the  points  to  the  conductor  E,  thus  increasing  very 
greatly  the  negative  charge  which  is  already  upon  this  conductor. 

The  effect  of  the  entire  revolution,  which  is  now  complete, 
has  been  to  increase  the  negative  charges  upon  A  and  E,  and  the 
positive  charges  upon  B  and  F.  Further  revolutions  serve  to 
increase  this  effect  until  the  charges  in  E  and  F  become  so  great 
that  the  air  is  pierced,  a  spark  passes,  and  electrons  flow  from 
E  io  F. 

Calling  to  our  aid  the  fuller  explanation  by  the  theory  of  po- 
tential, we  see  that,  inasmuch  as  A  is  charged  negatively  and  is 
uninfluenced  by  other  electrified  bodies,  it  is  at  low  potential. 
Since  A  is  at  low  potential,  the  potential  of  everything  in  its 
neighborhood  is  low,  and  therefore  the  potential  of  the  conductor 
E  is  low.  Furthermore,  the  end  of  E  near  A  is  nearer  tlie  region 
of  low  potential  than  is  the  farther  end,  so  that,  for  an  instant, 
this  end  is  at  lower  potential  than  the  remote  end.  The  free 
electrons  upon  E  now  flow  from  the  points  towards  the  knob, 
leaving  the  points  charged  positively,  and  charging  the  knob 
negatively,  though  points  and  knob  are  at  the  same  potential. 
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But  a  series  of  points  upon  or  near  a  conductor  always  gives 
rise  to  a  flow  of  electrons.  Accordingly,  when  a  button  passes 
under  these  points,  the  low  potential  of  A  and  the  higher  poten- 
tial of  E  cause  some  of  the  electrons  in  the  button  to  flow  off 
upon  the  points,  charging  E  negatively  and  leaving  the  button 
charged  positively.  ]\loreover,  it  is  thought  that  the  difference 
of  potential  between  A  and  E  disengages  electrons  from  the 
surface  of  the  glass,  and  these,  in  turn,  flow  likewise  through 
the  points  to  the  conductor  D,  charging  this  conductor  more 
strongly  negatively,  and  leaving  the  surface  of  the  rotating  plate 
pos'itively  charged. 

As  the  plate  now  turns,  it  moves  away  from  the  region  of  low 
potential  produced  by  A,  and  so,  together  with  the  positive  charge 
upon  its  surface,  it  becomes  at  high  potential.  Therefore,  when 
a  tin-foil  l)utton  touches  the  metal  brush  at  D,  electrons  flow 
from  the  sector  B  tlirough  the  conductor  D  to  the  button,  mak- 
ing the  latter  once  more  normal,  and  leaving  the  sector  B  posi- 
tively charged,  and  so  at  high  potential.  The  potential  of  the 
positive  charge  upon  the  plate  is  already  high,  and  is  raised  still 
higher  liy  being  brought  into  the  proximity  of  the  high  potential 
sector  B.  Accordingly,  when  the  plate  turns  so  as  to  pass  the 
points  on  the  conductor  F,  electrons  flow  from  this  conductor 
through  the  points  upon  the  plate,  thereby  leaving  F  positively 
charged. 

Moreover,  it  is  under  the  influence  of  the  high  potential  sector 
B  that  electrons  flow  from  the  conductor  F  off  upon  the  plate, 
and  therefore  this  flow  is  greater  than  it  would  be  if  the  high 
potential  of  the  plate  were  due  only  to  the  charge  which  it  re- 
ceived when  passing  under  the  comb  of  the  conductor  E.  As 
might  be  expected,  then,  when  the  plate  passes  out  from  under 
the  influence  of  B  and  reaches  its  lowest  position  in  the  revolu- 
tion, it  is  found  to  be  charged  negatively,  and  also  to  be  at  low 
potential.  A  low  potential  button  now  touches  the  brush  on  the 
conductor  C,  so  that  electrons  flow  from  the  button  through  C 
into  the  sector  A,  charging  A  still  more  strongly  negatively,  and 
reducing  its  potential  still  lower. 

As  the  plate  has  now  made  one  complete  rotation,  the  above 
processes  Mdll  be  repeated  with  the  next  revolution.    The  action 
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of  the  machine  is  therefore  such  that  the  sector  A  becomes  lower 
and  lower  in  potential,  and  the  sector  B  higher  and  higher,  the 
conductor  E  accumulates  more  and  more  electrons  and  sinks 
lower  and  lower  in  potential,  while  the  conductor  F  loses  more 
and  more  electrons  and  therefore  rises  higher  and  higher  in 
potential,  until  the  difference  of  potential  between  E  and  F  is 
sufficiently  great  to  cause  the  air  to  be  punctured  and  a  spark  to 
pass.  "When  E  and  F  are  thus  discharged,  the  above  processes 
must  be  repeated,  until  the  conductors  become  again  sufficiently 
charged  to  produce  a  spark  between  the  knobs. 

One  further  important  feature  of  the  machine  must  now  be 
mentioned,  namely,  the  diagonal  conductor,  GH.  This  rod  is 
supported  in  front  of  the  revolving  plate,  and  is  provided  at  its 
extremities  with  a  series  of  sharp  points  which  extend  directly 
towards  the  plate,  its  sole  object  being  to  increase  the  length  of 
the  spark  which  takes  place  between  E  and  F,  To  understand 
the  action  of  this  conductor,  let  us  suppose  the  knobs  E  and  F 
to  be  so  far  apart  that  no  spark  can  pass  between  them  under  the 
existing  potentials ;  the  action  of  the  machine,  as  above  described, 
will  then  proceed  until  the  conductor  E  has  taken  up  all 
the  electrons  possible,  and  the  conductor  F  has  lost  all  the  elec- 
trons possible  due  to  the  potentials  which  the  machine  can  de- 
velop. Under  these  conditions  E  no  longer  takes  up  electrons 
from  the  plate  as  the  latter  passes  the  points,  or  comb,  and  so 
this  part  of  the  plate,  with  its  electrons  still  upon  it,  passes  by 
the  points  upon  E,  and  comes  to  G.  The  remote  end  H  of  this 
conductor  is  at  high  potential,  being  in  the  neighborhood  of  the 
high  potential  sector  B,  hence  the  electrons  upon  the  plate  which 
pass  by  E  flow  off  through  the  points  to  the  conductor  G,  then 
flow  downward  through  this  diagonal  rod  to  the  high  potential 
end  H.  Because  of  the  points,  however,  these  electrons  cannot 
remain  upon  H,  hence  they  flow  through  the  points  off  upon  the 
plate  and  the  buttons,  giving  the  lower  portion  of  the  plate  an 
additional  negative  charge.  The  increased  negative  charge  now 
upon  the  plate  and  the  buttons  compels  still  more  electrons  to 
flow  from  a  button  through  C  to  the  sector  A,  thereby  causing 
the  potential  of  A  to  fall  still  lower.  This  decrease  in  the  po- 
tential of  A  lowers  still  further  the  potential  of  the  negative 
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charge  upon  the  plate,  so  that  now  more  electrons  flow  off  upon 
E  through  the  points,  giving  E  a  still  greater  negative  charge, 
and  lowering  its  potential  still  further.  In  an  analogous  man- 
ner the  potential  of  F  becomes  still  higher.  Accordinglj',  the 
action  of  this  diagonal  comb  is  to  increase  the  difference  of  poten- 
tial between  E  and  F,  until  finally  this  becomes  so  great  that  a 
spark  passes,  although  the  conductors  are  widely  separated. 

CHAPTER  XXY. 
ELECTRICAL  CAPACITY. 

330.  The  Capacity  of  a  Conductor.  The  previous  sections 
illustrate  the  change  which  the  potential  of  a  body  undergoes 
when  other  charged  bodies  act  inductively  upon  it.  When,  how- 
ever, a  body  stands  alone  and  is  uninfluenced  by  neighboring 
charges,  the  potential  which  the  body  then  assumes  depends 
upon  the  quantity  of  the  charge  with  which  it  is  electrified.  If 
the  body  is  charged  positively,  it  is  at  high  potential,  and  if  it 
is  charged  negatively,  it  is  at  low  potential.  Moreover,  if  the 
quantity  of  the  positive  charge  upon  a  given  body  is  increased, 
the  potential  of  the  body  will  become  higher  in  exactly  the  same 
proportion.  Again,  if  equal  charges  are  given  to  bodies  of  un- 
equal size  or  form,  the  potentials  to  which  these  bodies  are  raised 
will,  in  general,  be  different. 

Thus  it  is  seen  that  the  potential  to  which  a  conductor  will  be 
raised  when  a  given  charge  is  imparted  to  it,  depends  not  only 
upon  the  magnitude  of  the  charge,  but  also  upon  a  property  of 
the  conductor',  known  as  its  electrical  capacity.  If  the  capacity 
is  small,  a  given  quantity  will  raise  the  conductor  to  a  relatively 
high  potential,  but  if  the  capacity  is  large,  the  same  quantity  will 
uaise  the  conductor  only  to  a  relatively  low  potential.  Since  the 
potential  to  which  a  given  quantity  of  electricity  will  raise  a 
conductor  is  therefore  directly  proportional  to  the  quantity,  (?, 
with  which  the  conductor  is  charged,  and  inversely  proportional 
to  the  capacity,  C,  of  that  conductor,  it  follows  that 


Q 

c 


or 
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V  =  k  V 


from  which 


C  ---=  k 


C 


where  k  is  the  factor  of  proportionality. 

It  still  remains  to  define  the  quantity  known  as  electrical  ca- 
pacity, and  to  decide  npon  an  electrical  capacity  which  we  may 
adopt  as  unity.  If,  in  the  ahove  equation,  Ave  agree  to  call  the  ca- 
pacity unity  when  the  quantity  is  unity  and  the  potential  is 
unity,  then 

k  =  l, 

ai)(l  the  equation  becomes 

V     . 

Accordingly,  the  electrical  capacity  of  a  conductor  is  numeri- 
cally equal  to  the  ratio  of  the  quantity  of  electricity  with  which 
the  conductor  is  charged  to  the  potential  to  which  that  quantity 
will  raise  the  conductor.  In  other  Avords,  iJie  capacitji  of  a  con- 
ductor is  defined  as  tJie  quantity  of  ehcirkitij  tvlnclt  will  raise 
that  conductor  to  unit  potential. 

In  the  above  expression  Ave  haA'c,  hoAvcA'cr,  ])een  ahle  to  giA'e  to 
k  the  A^ilue  of  unity  only  upon  the  single  condition  that  Ave  adopt 
a  perfectly  definite  value  for  the  unit  capacity.  Therefore,  Ave 
have  determined  that  a  conductor  is  of  unit  capacity  wlien  unit 
quantitji  of  clectricii]j  will  raise  iliat  conductor  to  unit  potential. 

331.  The  Capacity  of  an  Isolated  Sphere,  'i'lic  cai)acity  rf 
an  irregular  conductor  is,  in  general,  difficult  to  determine,  but 

the  capacity  of  an  isolated  sphere  admits  of  ready  calculation.  \    _    (/ 

AVe  haA-e  seen  (p.   365)    that   the   potential    V  of   a  sphere  is  Y^   , — 

K 
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where  B  is  the  radius,   and  we  have  learned  above  that  the 
capacity  C  of  a  conductor  is 


Accordingly,  the  capacity  C  of  a  sphere  becomes 


C  =  ^  =  R, 
11 


and  therefore  for  a  sphere 

C  =  B; 

that  is,  the  capacity  of  a  sphere  is  numerically  equal  to  its 
radius.  In  other  ♦words,  just  as  many  units  of  electricity  will 
charge  a  sphere  to  unit  potential  as  the  sphere  has  centimeters 
in  its  radius. 

332.  The  Electrical  Condenser.  In  a  former  section  (p.  369) 
it  was  shown  that  the  body  A  at  high  potential,  Fig.  214,  raises 
the  potential  of  all  other  bodies  in  its  neighborhood,  so  that 
when  the  neutral  body  B  is  brought  into  the  presence  of  A  the 
potential  of  B  is  raised.  If  B  is  now  connected  with  the  earth, 
electrons  flow  from  the  earth  into  B,  and  the  potential  of  B 
falls  to  zero.  But  the  lowering  of  the  potential  of  B  lowers  the 
potential  of  all  other  bodies  in  its  neighborhood,  and  accordingly 
lowers  the  potential  of  A.  Therefore,  if  A  had  been  charged  to 
a  potential  as  high  as  possible  from  a  given  source,  its  potential 
has  now  been  lowered,  and  more  electrons  will  flow  from  A  to 
the  same  source.  If  A  thus  loses  additional  electrons,  its  poten- 
tial is  again  raised  to  that  of  the  source,  and  this  raises  the  po- 
tential of  B.  Accordingly,  if  B  is  again  connected  with  the 
earth,  electrons  will  flow  from  the  earth  into  B,  thereby  lower- 
ing its  potential  to  zero,  and  likewise  lowering  the  potential  of 
A.     If  A  is  once  more  connected  with  the  original  source,  a  still 
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Fir,.  214.  The  prin- 
ciple of  tlie  elec- 
trical   condenser. 


further  flow  of  electrons  from  A  to  the  source,  will  now  take 
place,  thereby  raising  the  potential  of  A,  and  at  the  same  time 
raising  the  potential  of  the  neighboring  B,  so  that  another  flow 
of  electrons  can  take  place  from  the  earth  to 
B;  and  the  a])ove  processes  may  be  continued 
indefinitely. 

If  B  is  now  connected  continually  with  the 
earth,  its  potential  is  always  zero  and  the  po- 
tentif  1  of  A  will  thus  be  kept  low,  so  that 
great  luimbers  of  electrons  will  flow  away 
from  ^1  to  tho  source  before  the  potential  of 
A  becomes  equal  to  that  of  the  source.  By 
the  operations  here  described,  it  is  seen  that 
a  very  large  positive  charge  has  been  pro- 
duced upon  the  l)ody  A,  while  electrons  in 
correspondingly  great  numbers  have  been  ac- 
cumulated upon  B,  that  is,  B  is  charged  neg- 
atively nearly  as  highly  as  A  is  charged  posi- 
lively.  In  other  words,  the  simple  presence  of 
the  body  B,  which  is  always  maintained  at  zero  potential,  enor- 
mously increases  the  capacity  of  the  body  A. 

A  system  of  two  conductors,  such  as  A  and  B^  one  of  which 
is  kept  constantly  connected  with  the  earth,  is  known  as  an 
electrical  condenser.  The  object  of  a  condenser  is  to  accumulate 
a  very  large  quantity  of  electricity  upon  one  of  the  conductors 
without  raising  its  potential  aliove  that  of  the  source.  In  other 
words,  when  the  potential  of  the  source  is  fixed,  the  condenser 
is  a  means  of  increasing  the  quantity  of  electricity  upon  one  of 
tlie  conductors  at  that  given  potential.  But  we  have  seen  that 
each  charge  given  to  A  is  lowered  in  potential  when  B  is  con- 
nected with  tlie  earth.  The  condenser  may  also  be  regarded, 
therefor^  as  a  means  of  lowering  the  potential  of  a  given  charge 
Avhen  the  quantity  is  fixed. 

333.  The  Leyden  Jar.  A  common  form  in  which  Ihe  electrical 
condenser  is  found  is  the  Leyden  jar,  Fig.  215.  This  consists  of  a 
glass  ,iar  coated  inside  and  out  for  about  two-thirds  of  its  height 
with  tin-foil.  A  conductor  terminating  in  a  knob  projects  above 
the  mouth  of  the  jar  and  makes  possible  a  connection  vnih  the 


390 


ELECTRICAL   CAPACITY. 


l>fnj\>>J,PVUJ))Jlj3 


interior  coating.     Here  we  have  the  essentials  of  an  electrical 
condenser,  namely,  two  conductors  separated  by  an  insulating 
^^„^  medium.      The    inner    coating    usually    repre- 

sents the  body.  A  in  the  above  description  of 
the  condenser,  while  the  outer  coating  repre- 
sents the  body  B,  because  it  may  be  more 
easily  connected  Avith  the  earth. 

Although  the  jar  is  usually  not  insulated 
while  being  charged,  we  shall  be  able  better  to 
study  the  various  operations  of  charging  if  we 
assume  for  the  moment  that  it  is  insulated  by 
being  placed  upon  a  sheet  of  glass  or  Iiard 
rubber.  If  we  attempt  to  charge  the  insulated 
jar  by  connecting  the  knob  with  a  high  poten- 
tial source,  such  as  the  Holtz  machine  or  the 
eleetrophorus,  we  shall  find,  indeed,  that  a  tiny 
spark  will  pass,  indicating  that  electrons  have 
Fig-  2^i^5^  The  Ley-  fl^^ved  from  the  knob  to  the  machine,  but  this 
flow  will  quickly  cease,  showing  that  a  small 
positive  charge  is  sufficient  to  raise  the  potential  of  the  inner 
coating  as  high  as  that  of  the  source.  But  the  high  potential  of 
the  inner  coating  raises  the  potential  of  the  insulated  outer  coat- 
ing ;  and  so,  if  we  now  touch  the  outer  coating,  electrons  M-ill  flow 
from  the  earth  to  this  coating,  thus  lowering  its  potential  to  zero. 
This  lowering  the  potential  of  the  outer  coating  lowers  also  the 
potential  of  the  inner  coating,  and  another  spark  will  now  pass, 
showing  that  a  second  flow  of  electrons  has  taken  place  from  the. 
inner  coating  to  the  machine.  This  further  loss  of  electrons  from 
the  inner  coating  once  more  raises  the  potential  of  this  coating  as 
high  as  that  of  the  source,  and  the  flow  of  electrons  then  ceases. 
The  rise  of  potential  of  the  inner  coating  raises  for  the  second 
time  the  potential  of  the  outer  coating,  so  that  again  electrons  will 
flow  from  the  earth  to  this  coating  when  the  latter  is  touched, 
lowering  its  potential  for  the  second  time  to  zero.  This  lower- 
ing of  the  potential  of  the  outer  coating  lowers  once  more  also 
the  potential  of  the  inner  coating,  so  that  a  third  flow  of  elec- 
trons takes  place  from  this  coating  to  the  source,  or,  in  other 
words,  it  receives  a  third  positive  charge  from  the  machine,  and 
so  on. 
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In  practice,  the  jar  is  not  insulated  while  being  charged,  but 
is  connected  by  its  outer  coating  with  the  earth,  so  that  this 
coating  is  always  at  zero  potential.  Since  this,  in  turn,  keeps  the 
potential  of  the  inner  coating  low,  large  numbers  of  electrons 
can  fioAV  from  this  coating  to  the  machine,  or,  what  is  the  same 
in  effect,  this  coating  can  receive  a  large  positive  charge.  In- 
deed, the  positive  charge  that  accumulates  upon  the  inner  coating 
becomes  at  length  so  great,  and  the  potential  of  this  coating  be- 
comes finally  so  high,  although  it  rises  slowly,  that  a  spark  will 
pass,  and  electrons  will  flow  from  the  outer  coating  to  the  inner, 
either  over  the  top  of  the  jar,  or  else  through  the  glass,  thus 
puncturing  it  and  ruining  the  jar. 

AVlienever  a  spark  passes  between  the  knob  of  the  jar  and  the 
source,  that  is,  whenever  electrons  flow  from  the  high  potential 
inner  coating  to  the  machine,  it  is  to  be  observed  that  an  equal 
flow  of  electrons  takes  place  from  the  earth  to  the  outer  coating. 
As  this  process  is  limited  only  by  the  strength  of  the  glass  or 
by  the  distance  over  the  top  of  the  jar,  it  is  seen,  either  that  the 
number  of  electrons  which  resided  originally  upon  the  inner 
coating  must  have  been  really  very  great,  or  else  that  the  high 
potentials  which  are  here  involved  are  continually  disengaging 
electrons  from  the  atoms  and  molecules  of  the  material  of 
which  the  jar  is  made.  Indeed,  the  electrons  upon  a  body  have 
never  yet  been  entirely  exhausted.  After  an  indefinitely  large 
numljer  have  been  withdrawn  from  a  conductor,  it  is  always 
possible  to  obtain  a  still  furthet-  flow  by  lowering  the  potential  of 
the  body  below  that  of  the  surrounding  region, 

334.  The  Capacity  of  a  Condenser.  The  capacUij  of  a  con- 
d(  »S(  r  may  he  defined  as  the  nnmher  of  units  of  electricity  that 
will  raise  one  conductor  of  the  condenser  to  unit  potential  while 
the  other  conductor  is  connected  constantly  ivith  the  earth.  It 
is  far  more  difficult  to  determine  the  capacity  of  a  condenser 
than  of  an  isolated  conductor,  because  it  is  found  that  the  ca- 
pacity of  a  condenser  depends  upon  three  things,  namely: 

1.  Upon  the  size  and  to  some  extent  upon  the  shape  of  the 
conductors. 

2.  Upon  the  nearness  together  of  the  conductors. 

3.  Upon  the  nature  of  the  medium  between  the  conductors. 
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The  insulating  medium  between  the  conductors  of  a  con- 
denser is  known  as  the  dielectric.  Thus  in  the  case  of  the  bodies 
A  and  B,  referred  to  above  (p.  389),  the  dielectric  is  the  air, 
and  in  the  case  of  the  Leyden  jar  it  is  the  glass.  It  is  found 
that  the  capacity  of  a  condenser  depends  very  greatly  upon  the 
nature  of  the  dielectric  separating  the  two  conductors.  In  the 
example  just  cited,  where  bodies  A  and  B  form  the  conductors 
of  the  condenser  and  air  is  the  dielectric,  it  is  found  that  A  will 
raise  the  potential  of  B  nearly  three  times  as  high  if  glass  in- 
stead of  air  separates  the  two  bodies.  A  piece  of  glass  placed 
between  these  two  bodies  will  produce  the  same  effect  as  bring- 
ing B  very  much  nearer  to  A,  which  indicates  that  induction 
takes  place  more  readily  through  glass  than  through  air.  It 
:is  thought,  indeed,  that  the  glass  offers  an  easier  path  for  the 
lines  of  force  than  does  the  air. 

This  difference  in  the  effectiveness  of  dielectrics  in  producing 
Induction  is  due  to  a  property  of  the  medium  known  as  the 
■specific  incluctive  capacity.  The  specific  inductive  capacity  of 
a  dielectric  is  the  ratio  of  the  capacity  of  a  condenser  when  this 
suhstance  is  used  as  the  dielectric  to  the  capacity  of  the  same 
^condenser  if  air  were  used  as  the  dielectric. 

^^^     335.  The  Capacity  of  a   Spherical   Condenser.     A   splierical 

,ri      condenser  consists  of  two  concentric  metallic  spheres  of  radii 

^         r  and  r',  separated  by  a  layer  of  air  or  other  dielectric  medium, 

the  outer  sphere  being  connected  .with  the  earth.  Fig.  216.    If  a 

positive  charge  of  Q  units  of  electricity  is  given  to  the  inner 

sphere,  the  potential  of  the  outer 
sphere  will  be  momentarily  raised,  and 
electrons,  equivalent  in  number  to  Q 
units  of  electricity,  will  flow  to  the 
outer  sphere  from  the  earth,  thereby 
giving  the  inner  surface  of  the  outer 
sphere  a  charge  of  — Q  units.  We  are 
now  to  ascertain  the  potential  to 
which  the  inner  sphere  is  raised  as  a 

Fig      21G.     A     spherical     con-  ,.       p  ,-, 

denser.  rcsult  of  thesc  proccsscs. 
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Since  the  potential  of  a  charged  sphere  is  constant  through- 
out and  equal  to  the  quantity  of  electricity  with  which  it  is 
charged  divided  by  the  radius  (p.  365),  we  see  that  the  po- 
tential at  all  points  within  the  outer  sphere  due  to  its  charge 
alone  is 

-Q 


while  the  potential  of  the  inner  sphere  due  to  its  charge  alone 
is 


-^Q 


r 


Accordingly,  the  resultant  potential  T^  at  all  points  within  the 
inner  sphere,  and  therefore  the  potential  of  the  sphere  itself, 
due  to  the  superposition  of  these  two  potentials,  is 


y 


V      Q 


or 


—  nW 


But  the  capacity  of  a  conductor  (p.  387)  is 

Y 

and  therefore  the  capacity  of  this  condenser  is 

Q 


C  = 


oi'  -\ 
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/• 

r 

I 
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By  adding  and  subtracting  r-  in  the  numerator,  this  expression' 
may  be  given  the  form 


c  =  ^i+^:^r^ 


(/  -  >■)  + 


r  + 


r' 


But  (p.  388)  r  is  the  capacity  of  the  inner  sphere  alone,  re- 
garded simply  as  an  insulated  conductor.  The  addition,  there-^ 
fore,  of  the  outer  sphere  connected  to  earth  increases  the  ca- 
pacity by 


IMoreover,  this  increase  itself  becomes  greater  the  more  nearly^ 
r'  is  equal  to  r,  that  is,  the  thinner  is  made  the  layer  of  air 
which  separates  the  two  conductors.  It  is  seen,  therefore,  that 
the  capacity  of  the  condenser  depends  not  only  upon  the  size- 
of  the  conductors,  that  is,  upon  the  magnitudes  of  r  and  r',  but 
also  upon  the  nearness  together  of  these  conductors. 
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If  some  medium  other  than  air  separates  the  two  spheres,  this 
expression  for  the  capacity  of  the  condenser  must  be  multiplied 
by  the  specific  inducive  capacity  of  that  medium.  The  specific 
inducive  capacity  of  air  is  taken  as  unity. 


CHAPTER  XXVI. 

THE  ELECTRIC  DISCHARGE. 

336.  The  Strain  in  the  Dielectric.  A  phenomenon  may  be 
observed  in  the  discharge  of  a  Leyden  jar  which  suggests  the 
conclusion  that  when  a  condenser  is  charged  the  dielectric  me- 
dium separating  the  conductors  is  under  a  severe  strain.  If  a 
Leyden  jar  is  discharged  and  allowed  to  stand  for  a  few 
moments,  it  will  be  found  that  a  second  discharge  may  be  ob- 
tained, feebler  than  the  first,  though  still  of  considerable  quan- 
tity. Another  and  another  discharge  may  be  obtained  in  a 
similar  way,  and  in  some  instances  as  many  as  ten  or  t\\elve  dis- 
charges may  be  drawn  from  the  jar,  each  being  much  smaller 
than  the  preceding.  This  is  thought  to  be  due  to  a  polarization 
and  a  possible  turning  of  the  molecules  of  the  dielectric  under 
the  great  difference  of  potential  between  the  two  coatings,  after 
which  the  molecules,  perhaps  retarded  by  friction,  return  only 
slowly  to  their  former  positions  when  the  potential  gradient 
disappears  after  the  first  discharge.  The  charges  carried  by 
these  polarized  molecules  constitute  the  second  and  the  succes- 
sive discharges,  so  that  the  ])henomenon  is  i)i'ol)ably  not  due  to 
a  "soaking"  of  the  charge  into  the  dielectric,  as  is  sometimes 
said  to  be  the  case.  ^Moreover,  the  theoiy  of  this  strain  in  the 
dielectric  receives  support  from  tlie  puncturing  of  the  jar  which 
frequently  happens  when  the  distance  from  coating  to  coating 
over  the  top  is  too  great  for  a  spark  to  pass.  When  the  jar  is 
thus  broken,  the  glass  has  the  appearance  of  being  crushed,  as 
if  by  great  pressure. 

Another  interesting  and  curious  phenomenon  connected  with 
the  discharge  of  a  Leyden  jar  confirms  the  tlieory  that  the  di- 
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electric  medium  plays  a  very  important  part  in  the  discharge, 
and  therefore  probably  also  in  the  charge  as  well.  If  a  jar  with 
detachable  coatings  is  charged  and  the  coatings  then  removed 
from  the  glass,  it  will  be  found  that  these  coatings  may  be 
touched,  or  connected  together,  or  both  connected  with  the  earth, 
without  producing  even  the  slightest  discharge.  If,  however, 
the  coatings  are  replaced,  the  inner  one  always  being  lifted  by 
an  insulating  handle,  the  jar  will  be  found  still  to  be  charged 
as  fully  as  before.  If  the  walls  of  the  glass  jar  are  touched  on 
opposite  sides  while  the  coatings  are  removed,  little  discharges 
from  these  particular  areas  will  be  obtained,  proving  that  the 
surfaces  of  the  glass  are  still  highly  charged.  This  apparently 
shows  that  the  real  electrification  resides  upon  the  surface  of 
the  dielectric  instead  of  the  metal  coatings,  and  that  the  coat- 
ings serve  simply  as  conductors,  thus  making  possible  the  flow 
of  the  charge  which  resides  upon  the  surface  of  the  dielectric. 

^  r      337.  The  Energy  Expended  in   Charging  a   Conductor.     Tt 
rf~^    has  been  set>n    (p.  35S)   tliat  the  work  done  in  carrying  a  unit 

of  positive  electricity  between  two  points,  A  and  B,  at  different 

potentials  is 


T^ 


where  F^^  and  V  b  ^re  the  potentials  at  A  and  B  respectively. 
When  Q  units  of  electricity  are  carried  from  B  to  A,  the  work 
done  is 

QiVA  —  J^B). 

If  B  is  at  infinity,  Vb  is  zero,  therefore  the  work  done  in  carry- 
ing Q  units  of  electricity  from  a  region  where  the  potential  is 
zero  to  a  region  where  the  potential  is  V  is 

QV. 


ENERGY  OF  CHARGE  AND  DISCHARGE.  397 

Here  it  is  assumed  that  the  potential  V  does  not  change  when 
the  Q  units  are  brought  up.  The  energy,  therefore,  which  Q 
units  of  electricity  possess  when  brought  up  from  a  region  at 
zero  potential  to  a  region  where  the  potential  is  V  is 

QV. 

The  j)roblem,  however,  is  quite  different  if,  as  is  usually  the 
ease  in  static  electricity,  we  use  these  Q  units,  which  are  thus 
brought  up,  as  a  means  of  charging  a  conductor  or  condenser. 
Here  the  potential  of  the  conductor  is  zero  at  the  beginning, 
and  rises  as  increments  of  electricity  are  added  to  it,  but  does 
not  attain  its  final  value  V  until  the  full  number  of  Q  units  have 
been  brought  up.  It  is,  therefore,  only  the  last  added  increment 
of  electricity  that  has  been  raised  to  the  potential  V,  the  others 
having  been  brought  up  to  potentials  intermediate  between  0 
and  V.  Accordingly,  the  average  potential  to  which  the  entire 
number  of  the  Q  units  liave  been  raised  is  i/2^.  From  this  it 
follows  that  the  work  which  has  been  done  in  charging  a  con- 
ductor or  condenser  witli  Q  units  of  electricity  to  the  potential 
y  is 

or 

The  energy  of  charge  =  I/2  QV.  ■ 

Similarly,  if  a  conductor  is  charged  by  Q  units  of  electricity 
to  the  potential  V,  and  is  then  discharged,  only  the  first  unit 
of  electricity  will  flow  out  at  this  potential,  since  the  potential 
of  a  conductor  falls  as  successive  increments  of  electricity  are 
withdrawn.  Other  units  leave  at  increasing!}'-  lower  potentials, 
until  the  potential  of  the  conductor  is  reduced  to  0  as  the  last 
unit  flows  out.  The  average  potential,  tlierefore,  at  which  the 
entire  Q  units  have  flowed  out  is  1/.  V,  and  the  Avork  which  is 
therebj'  done  by  the  discharge  of  a  conductor  or  condenser  is 
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Accordingly, 

The  energy  of  discharge  =  %  ^V. 

338.  The  Lichtenberg  Figures.  If  an  unelectrified  non-con- 
ductor, such  as  a  piece  of  hard  rubber,  is  touched  by  a  positively 
electrified  body,  and  then  also  touched  at  another  place  by  a  neg- 
atively electrified  body,  these  charges  will  creep  a  short  distance 
over  the  non-conductor,  lint  no  result  can  be  detected  until  the 
plate  is  dusted  over  with  a  mixture  of  red  lead  and  sulphur.  As 
this  mixture  is  sifted  upon  the  plate,  the  friction  between  the  sieve 
and  the  powder  electrifies  the  red  lead  positively  and  the 
sulphur  negatively;  hence  the  positively  electrified  red  lead  is 
attracted  to  the  negatively  electrified  spot  upon  the  hard  rub- 
ber plate,  while  the  negatively  electrified  sulphur  is  attracted  to 
the  corresponding  positively  electrified  spot.  It  is  then  found 
that  the  positive  electrification  of  the  plate  has  spread  out  in 
the  most  beautiful  fern-like  branching  forms,  while  the  nega- 
tively electrified  spot  seems  to  be  charged  in  irregular  and 
characteristic  patches,  the  whole  having  a  faint  resemblance  in 
appearance  to  a  bunch  of  grapes. 

By  substituting  an  ordinary  dry  plate  for  the  hard  rubber 
sheet.  Watts  has  succeeded  in  recording  photographically  the 
beautiful  figures  produced  by  electric  charges,  as  these  spread 
out  and  creep  over  the  surface  of  the  film.  It  is  then  seen,  far 
more  perfectly  than  by  the  Lichtenberg  method,  how  the 
branching  forms  of  the  positive  electrification  extend  out  into 
the  most  delicate  ramifications,  while  the  patches  produced  by 
the  negative  charges  are  resolved  into  feather-like  fronds  of 
singular  beauty  and  regularity.  The  reason  why  such  different 
and  peculiar  effects  are  produced  by  the  two  electrifications  is 
not  known. 

339.  The  Electric  Spark.  AVe  ha^'e  seen  (p.  384)  that  the 
operation  of  an  electric  generator,  such  as  the  Holtz  machine, 
consists  in  the  transfer  of  electrons  from  one  conductor  to  an- 
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other,  thereby  raising  the  potential  of  the  conductor  from  which 
they  are  taken  and  lowering  the  potential  of  the  one  into  which 
they  flow.  The  difference  of  potential  thereby  produced  is  so 
great  that  the  intervening  air  or  other  dielectric  is  finally 
pierced,  and  electrons  flow  through  the  channel  thus  ])!■() vided 
from  the  region  of  low  potential  to  the  higher,  though  we  ordi- 
narily speak  of  the  current  as  flowing  from  the  region  of  the 
higher  potential  to  thd  lower.  The  bright  spark  \Yliic*^^  occurs, 
however,  is  not  the  electricity,  but  is  a  column  of  air  heated  to 
incandescence  by  the  energy  of  the  electric  discharge..  The 
crooked  path  of  a  long  spark  is  due  to  the  fact  that  the  dis 
charge  always  seeks  the  easiest  path,  and  so  deviates  from  a 
straight  line  to  pass  through  particles  of  dust  or  traces  of  mois- 
ture which  may  be  present. 


Fi<;.  217.  Photograph  of  lightning 
by  Kayser,  showing  banded  appear- 
ance. 


Fig.    218.     Dark    lightiiiiif 


The  lightning  flasli  is  simply  an  electric  discharge  ui)on  an 
enormous  scale  which  takes  place  between  two  clouds,  or  l)etween 
a  cloud  and  the  earth  when  these  are  oppositely  charged.  Cer- 
tain phenomena  coiniected  with  lightning,  however,  have  as  yet 
received  no  explanation.  Prominent  among  these  has  been  un- 
til recently  the  dark  line  or  lines  extending  lengthwise  through 
the  flash,  dividing  the  latter  into  a  series  of  ribbon-like  bands. 
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as  seen  in  the  accompanying  flash,  Fig.  217,  photographed  by- 
Kayser.  The  phenomenon  of  "dark  lightning,"  which  is  occa- 
sionally observed.  Fig.  218,  has  been  shown  by  "Wood  to  be  due 
to  a  photographic  reversal. 

If  the  Leyden  jars  are  removed  from  the  conductors  of  an 
electrical  machine,  the  discharge  takes  place  as  a  brush  of  bluish 
light  which  extends  between  the  two  conductors,  and  which  has 
a  form  upon  the  positive  end  different  from  that  upon  the  nega- 
tive end.  The  brush  seems  to  extend  out  from  the  positive  end, 
while  the  negative  end  is  surrounded  by  a  curious  dark  space. 
A  sharp  point  placed  on  or  near  one  of  the  conductors  will  pro- 
duce a  silent  glow-discharge  of  bluish  light.  ]\Iany  of  the  phen- 
omena of  the  discharge  are  not  well  understood. 

340.  Lightning  and  Lightning  Rods.  It  is,  indeed,  upon  the 
effect  of  points  in  producing  a  silent  glow-discharge  instead  of 
a  disruptive  discharge  that  lightning  rods  serve  in  a  measure  as 
a  protection  from  lightning.  To  be  effective,  a  rod,  which  may 
well  be  simply  a  piece  of  stout  telegraph  wire,  should  be  securely 
nailed  to  the  building  and  be  carried  over  the  roof  in  several 
branches,  finally  terminating  in  a  number  of  upright  projections 
perhaps  two  feet  high  and  not  more  than  fifteen  feet  apart.  The 
lower  end  of  the  rod,  unless  it  can  be  connected  to  underground 
water  pipes,  should  be  riveted  or  soldered  to  a  large  metal  plate, 
and  should  be  deeply  buried  in  moist  earth,  preferably  with  a 
load  of  coke  above  and  below.  Care  should  be  taken  to  nail  the 
rod  firmly  to  the  roof  and  to  solder  it  rigidly  to  the  metal  eaves- 
trough  and  to  the  water  spout.  Insulators  separating  the  rod 
from  the  building  should  never  be  used.  The  entire  surface  of 
the  roof  is  thus  maintained  at  zero  potential,  and  a  ready  escape 
to  the  earth  is  provided  for  electricity  if  the  rod  should  be 
struck.  An  even  greater  precaution  would  consist  in  covering 
the  entire  roof  with  a  network  of  wire  fencing  and  soldering 
this  to  the  lightning  rod,  for  then  the  building  would  be 
practically  inside  a  metal  conductor,  within  which  no  electrifi- 
cation can  exist.  A  building  provided  Avith  a  metal  roof  effect- 
ively  grounded  could  not  be  injured  by  lightning. 

If  a  cloud  charged  either  positively  or  negatively  approaches 
the  building,  the  difference  of  potential  between  the  cloud  and 
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the  cartk  will  cause  a  silent  gknv-dischargc  to  take  place  from 
the  sharp  points  Mith  which  the  rod  is  provided,  and  the  differ- 
ence of  potential  is  thus,  in  general,  so  diminished  that  a  flash 
does  not  take  place.  Even  if  a  flash  were  to  occur  between  the 
cloud  and  the  Iniilding,  it  is  most  probable  that  the  discharge 
would  follow  tlit^  stream  of  electrified  air  particles  escaping 
from  the  sharp  points  and  so  be  directed  to  the  rod,  when  it 
would  then  pass  harmlessly  to  the  earth.  Thus  wdien  a  single 
cloud  is  above  a  building  and  a  discharge  takes  place  either  in 
the  silent  gloAv  or  in  the  flash,  it  appears  that  the  lightning  rod 
is  effective  in  protecting  the  building. 

There  is,  however,  so  far  as  is  now  known,  one  condition 
under  which  a  lightning  rod  is  entirely  without  avail  in  afford- 
ing protection,  namely,  if  a  flash  takes  place  between  two  clouds 
when  the  lower  one  is  directly  over  a  building.  In  this  event 
the  lower  cloud  becomes  instantly  charged,  and  the  potential 
rises  with  such  rapidity  that  it  cannot  be  equalized  by  the  glow 
from  the  points,  and  so  this  cloud  in  turn  immediately  dis- 
charges itself  disruptively  to  the  earth.  The  flash  then  mani- 
fests all  the  characteristics  of  inertia  and  dashes  to  the  earth 
Avith  an  impulsive  rush,  breaking  through  the  air  apparently 
at  almost  any  point,  totally  neglecting  to  seek  the  path  that 
offers  the  least  resistance,  and  being  quite  as  lial)lc  to  strike 
the  earth  or  a  well-protected  building,  even  at  a  place  very 
near  a  lightning  rod,  as  to  follow  the  readier  path  which  the 
rod  offers.  "While  a  lightning  rod.  therefore,  decreases  the  niim- 
ber  of  accidents,  it  by  no  means  affoj-ds  perfect  immunity  from 
injury'  caused  by  lightning. 

As  to  the  material  of  which  the  rod  is  made,  it  is  now  thought 
that  a  stout,  ga-lvanized  iron  wire  is  quite  as  good  as  a  copper 
rod,  and  proba])ly  much  better.  In  the  following  paragraph  it 
will  be  shown  that  a  Hash  of  lightning,  like  every  electrical  dis- 
charge, is  oscillatory  in  character,  that  is,  that  it  consists  of 
many  surges  back  and  forth,  until  the  energy  of  the  flash  is 
finally  converted  into  heat.  In  an  iron  Avire,  which  may  have 
a  resistance  even  greater  than  a  rod  of  copper,  there  is  a  larger 
mass  of  metal  present,  and  therefore  less  liability  for  an  undue 
heating  or  possible  melting  of  the  rod  to  take  place.     Indeed. 
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the  resistance  of  the  rod  is  of  great  advantage,  inasmuch  as  it 
dissipates  into  heat  that  energy  of  the  discharge,  so  that  the 
How  through  the  rod  may  perhaps  take  place  as  a  single  surge, 
instead  of  many  oscillations  back  and  forth.  Furthermore, 
as  an  oscillatory  discharge  is  confined  almost  entirely  to  the 
surface  of  the  conductor,  a  lightning  rod  should  have  as  large 
a  surface  as  possible,  and  would  be  more  effective  if  it  were 
rolled  out  in  the  form  of  a  flat  strip,  or  sheet,  than  if  the  same 
amount  of  metal  were  kept  in  tlie  form  of  a  solid  rod. 

341.  The  Oscillatory  Character  of  the  Spsrk.  In  the  I'lc- 
vious  sections  it  has  lieen  shov,H  that  the  discharge  of  an  elec- 
trified conductor  or  a  charged  condenser  represents  a  flow  of 
energy.  This  energy  of  the  discharge  is  made  manifest  by  the 
heating,  and  sometimes  vaporizing,  the  conductor  through  which 
the  flow  takes  place,  and  in  the  amount  of  mechanical  work 
which  this  discharge  is  able  to  do,  such  as  piercing  poor  con- 
ductors and  even  glass.  The  energy  which  is  stored  up  as 
potential  energy  in  the  charged  body  becomes  kinetic  in  the 
discharge,  and  is  found  to  manifest  characteristics  not  unlike 
those  associated  with  kinetic  energy  in  matter. 

Possibly  the  most  obvious  i:)roperty  of  matter,  certainly  as 
regards  its  motion,  is  inertia  'p.  99),  and  it  Avould  seem,  at 
first,  that  surely  the  energy  of  the  electric  discharge  could  not 
possess  a  characteristic  M'hich  would  give  to  it  a  property  in 
any  way  analogous  to  inertia,  liut,  such,  indeed,  is  found  to  be 
the  case.  It  was  predicted  mathematically,  and  afterwards 
verified  by  experiment,  that  just  as  the  energy  represented  by 
a  swinging  pendulum  varies  from  potential  to  kinetic  and  from 
kinetic  to  potential,  until  it  is  finally  dissipated  by  friction, 
resistance  of  the  air,  etc.,  so  the  potential  energy  represented 
by  the  charged  conductor  will  become  kinetic  as  the  discharge 
passes,  and  this  rush  of  electrons  from  one  conductor  to  another 
will  cause  an  accumulation  of  electrons  upon  that  other  con- 
ductor. This  same  process  then  again  takes  place  but  in  the 
reverse  direction,  and  so  on.  until  the  entire  energy  of  the  dis- 
charge is  consumed  in  heating  the  air,  producing  noise,  doing 
work.  etc. 
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The  disL-hai'ge  of  a  conductor,  therefore,  very  closely  re- 
sembles the  vibration  of  a  pendulum,  and  the  electrons  pass  first 
one  way  and  then  the  other,  back  and  forth  many  times  along 
the  colunui  of  heated  air  which  we  call  tlie  spark.  In  other 
words,  as  soon  as  the  electrons  constituting  the  charge  are  set 
in  motion,  they  seem  to  possess  a  characteristic  in  every  -svay 
analogous  to  inertia,  so  that  what  we  see  as  a  single  spark  is 
really  a  hundred  or  more  oscillations  or  surgings  of  this  store 
of  energy,  which  dashes  like  a  great  w'ave  across  the  gap  repre- 
sented by  the  spark,  and  collects  upon  the  farther  conductor 
only  to  surge  back  again  in  the  opposite  direction,  and  to  repeat 
this  operation  many  times. 

Since  this  entire  effect  is  accomplished  in  a  fraction  of  a 
second,  it  cannot  under  ordinary  conditions  be  detected  by  the 
unaided  eye.  If,  however,  by  means  of  a  rapidly  rotating 
mirror  we  throw  an  image  of  the  spark  upon  a  screen,  the 
spark,  which  would  l)e  drawn  out  into  a  line  if  it  were  contin- 
uous and  of  finite  duration,  is  seen  to  consist  of  a  great  number 
of  separate  flashes  taking  place  first  in  one  direction  and  then 
in  tlie  other,  sliowing  that  it  is  discontinuous  and  oscillatory 
in  its  character.  Feddersen  of  Leipzig  was  the  first  to  show 
these  oscillations  experimentally.  By  allowing  the  image  of 
the  spark  to  fall  upon  a  rapidly-moving  photographic  plate,  he 
found  that  each  oscillation  had  there  recorded  itself,  so  that 
what  seems  to  the  eye  to  be  a  single  spark  is  really  a  great 
lumiber  of  oscillations  of  the  discharge,  taking  place  in  opposite 
directions. 

An  undoubted  explanation  of  the  banded,  or  rilibon-like  ap- 
pearance of  the  liglitning  flash  (p.  899),  wliicli  has  always 
been  supposed  to  be  connected  with  the  oscillatory  character 
of  the  discliarge,  has  recently  been  given  by  Larsen.  By  mount- 
ing a  photograjdiic  camera  in  such  a  way  that  it  could  bo 
rotated  about  a  vertical  axis,  this  young  Dane  has  succeeded 
in  photographing  a  flash  of  lightning  as  remarkable  as  the  one 
shown  in  Fig.  219,  which  is  here  reproduced  liy  courtesy  of 
the  Scientific  American.  Had  the  camera  l)een  stationary,  the 
flasli.  in  all  ju-obability  would  have  been  recorded  as  a  single 
l)right  line,  or  at  most  as  two  or  three  bright  lines,  separated 
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by  corresponding  dark  intervals.  Here,  howevel',  since  ,  the 
photograph  is  so  draAvn  out  laterally  that  at  least  forty  distinct 
discharges  may  be  recognized,  it  is  evident  that  the  flash  con- 
sisted of  a  series  of  oscillations,  and  that  in  the  interval  between 
discharges  the  camera  had  turned  through  an  angle  sufficiently 

great  to  bring  the 
image  of  each  oscil- 
lation upon  a  differ- 
ent portion  of  the 
plate.  From  the 
measured  width  of 
the  photograph  and 
from  the  known  A'6- 
locity  of  the  camera. 
the  entire  duration 
of  the  flash  was  de- 
termined to  be  a  lit- 
tle less  than  half  a 
second.  Since  it  is 
thus  found  that  a 
flash  may  persist  for 

Fir;.    210.     Liglitning    photograplied    with    revolving  ^^    long    an     interval 
camera    showiug    oscillatory    discharge    and    dark   _x'    +;,,^p      +],,->    «n(ir-pc 

sive  oscillations  prob- 
ably account  also  for  the  peculiar  flickering  appearance  occa- 
sionally observed  in  a  flash  of  lightning. 

The  oscillatory  character  of  the  discharge  furnishes  likewise 
an  explanation  of  the  series  of  dark  lines  paralleling  the  bright 
ones  which  have  been  photographed  with  a  stationary  camera, 
as  in  the  famous  picture  by  Kaj^ser,  Fig.  217,  since  it  is  now 
known  that  the  flash  may  have  duration  of  nearly  half  a  second. 
If  a  wind  were  blowing  at.  the  time,  it  is  probable  that  the 
irregular  column  of  heated  air,  through  which  the  flash  pierced 
its  way  at  the  first  discharge,  may  have  drifted  to  an  appreciable 
extent  before  the  second  oscillation  occurred.  The  returning  flash, 
which  took  place  through  the  same  column  of  heated  air,  would 
then  follow  a  path  in  every  way  parallel  to  its  former  course, 
but  at  some  little  distance  from  it,  and  so  would  produce  an 
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iiuag-e  in  a  slightly  different  position  upon  the  photographic 
plate.  The  third  and  the  successive  oscillations  would  produce 
images  likewise  displaced,  and  the  banded  appearance  of  the 
flash  would  thus  he  produced. 

342.  The  Propag-ation  of  Electrical  Vibrations  in  the  Ether. 

It  has  been  shown  (p.  3G4)  tliat  the  ctlu'r  all  about  a  charged 
body  is  throAvn  into  a  state  of  strain.  It  is  seen,  therefore,  that 
when  a  spark  of  electricity  passes,  the  ether  in  the  neighbor- 
hood is  strained  first  in  one  ^vay  then  in  the  other,  due  to  the 
oscillations.  Accordingly,  the  spark  is  a  center  from  wliich 
spherical  waves  in  the  ether  go  out,  very  much  as  circular 
waves  upon  a  surface  of  water  proceed  from  a  disturbance 
which  takes  place  at  the  center.  It  is  readily  seen,  then,  that 
when  a  Leyden  jar,  for  example,  is  discharged,  the  ether  all 
about  that  jar  is  vibrating  in  imison  with  the  oscillations  which 
take  place  back  and  forth  in  the  spark.  These  oscillations,  and 
also  therefore,  the  character  of  the  vibrations  in  the  ether,  de- 
pend upon  the  capacity  of  the  jar  and  upon  the  length  and  con- 
dition of  the  conductor  (self-induction)  which  connects  the  two 
coatings. 

If.  therefore,  another  jar  similar  to  the  first  is  placed  near, 
and  the  capacity  of  this  second  jar  is  carefully  adjusted  to  be 
the  same  as  that  of  the  first,  these  ether  vibrations  which  are 
taking  place  around  this  second  jar  are  then  exactly  the  same 
in  nature  and  period  as  those  which  a  spark  from  this  jar  would 
send  out  if  it  itself  Avere  discharged.  Accordingly,  if  a 
wire  connects  the  outer  and  inner  coatings  of  this  second  jar, 
similar  in  every  way  to  the  circuit  connecting  the  outer  and 
iinii-r  coatings  of  the  first  jar.  except  that  the  circuit  of  the 
first  jar  is  provided  with  a  spark  gap,  while  the  second  one  is 
not.  surges  will  take  place  in  the  second  jar  similar  to  those 
in  the  first.  If,  then,  a  conductor  is  brought  from  the  inside 
coating  of  the  second  jar  up  over  the  edge  of  the  jar  and  dovm 
on  the  outside  almost  to  the  outside  coating,  a  little  spark  will 
pass  across  this  short  gap  on  the  second  jar  every  time  a  spark 
passes  between  the  coatings  of  the  first  jar. 
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This  is  a  beautiful  example  of  s^ympatlietic  vibrations.  Avliere- 
by  a  vibrating  body  tends  to  generate  vibrations  in  all  other 
bodies  which  have  a  period  of  vibration  equal  to  its  own.  In- 
deed, this  experiment  with  the  two  Leyden  jars  is  spoken  of  as 
illustrating  "electrical  resonance."  It  is  due  to  these  waves  in 
the  ether,  which  go  out  in  all  directions  from  an  electric  spark, 
that  it  is  possible  to  telegraph  between  distant  places  without 
wires. 
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CHAPTER    XXVII. 

.AfAGXETIC  PHEXOMEXA  AXn  THEORIES. 

343.  Fundamental  Phenomena.  A  ma^iu't  may  Ix'  (Ictiiicd 
as  anything-  that  Avill  attract  small  particles  of  iron.  In  tliis 
definition  arc  inchuh'd  two  classes  of  magnets,  namely,  natural 
magnets  and  artificial  magnets.  A  natural  magnet,  or  lodestone, 
is  a  variety  of  iron  oi'c  wiiicli  is  found  to  he  magnetic  and  which 
)'('tains  its  magnetism  after  it  is  taken  from  the  ground.  An 
ai'tificial  magnet  is  a  har  of  iron  or  steel  which  was  originally 
non-magnetic,  hut  to  wliidi  tliis  nuignetic  pi-operty  has  heen 
artificially  imparted.  In  the  year  1 600  Gilhei't  found  that  arti- 
ficial magnet  could  ))e  made  sim})ly  by  rubbing  bars  of  iron 
or  steel  with  a  piece  of  lodestone.  after  which  these  bars  would 
manifest  all  tlie  ])i'operties  of  the  natural  magnet.  He  also 
found  that  a  certain  difference  exists  between  the  magnetization 
of  a  bai-  of  soft  iron  and  a  l)ar  of  steel.  A  bar  of  soft  iron  re- 
mains a  magnet  and  possesses  all  magnetic  properties  as  long  as 
it  is  in  contact  with  the  magnetizing  substance,  but  loses  more 
or  less  com])lete]y  all  traces  of  nuignetism  Avhen  the  lodestone 
is  i-emoved.  A  l)ar  of  hardened  steel,  on  the  other  hand.  I'etains 
its  nuignetism  ])ermanently.  and  is.  therefore,  said  to  V)c  more 
r(f(  nfif(  than  soft  iron,  or  to  ])ossess  greater  rttniiirifij. 

If  a  natural  nuignet  is  dipped  into  a  nuiss  of  iron  filings,  the 
filings  will  l)e  seen  to  be  attracted  to  the  Indestone  in  great  pro- 
fusion. It  will  be  noticed,  however,  that  they  adhere  in  greatest 
num])ei-s  to  tlK-  edges  and  corners,  and  that  they  seem  to  be  con- 
centrated chiefly  on  two  oi)posite  sides  of  the  piece  of  lodestone. 
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Avhile  the  smoother  and  more  central  portions  are  practically  de- 
void of  filings.  iMoreover,  it  will  be  observed  that  the  filings 
•are  not  simph'  attracted  in  confused  masses,  but  that  they  are 
•all  attached  end  to  end  and  form  little  tufts  which  stand  out 
from  the  angular  portions  of  the  magnet  in  a  most  beautiful 
Avay.  Similarly,  if  a  permanently  magnetized  bar  of  steel  is 
plunged  into  a  mass  of  iron  filings,  the  filings  will  form  the  same 
remarkable  tufted  arrangement  about  the  ends  of  the  bar,  but 
"will  diminish  in  quantity  farther  away,  and  will  not  be  attracted 
at  all  at  the  center.  The  magnetism  of  the  bar,  therefore,  seems 
to  be  concentrated  at  or  near  the  ends  of  the  magnet  at  points 
Avhieh  are  called  the  poles. 

The  poles  of  a  magnet,  accordingly,  are  the  points  near  the 
■ends  from  which  the  attractive  force  seems  to  emanate.  The 
•straight  line  joining  the  poles  is  called  the  axis  of  the  magnet, 
and  the  distance  between  the  poles  is  known  as  its  length,  the 
length  of  the  magnet  being,  in  general,  about  one-twelfth  less 
than  the  length  of  the  bar  of  steel.  Inasmuch,  however,  as  the 
location  of  the  poles  is  somewhat  uncertain,  the  length  of  the 
magnet,  that  is,  the  distance  between  its  poles,  cannot  be  ex- 
actly determined. 

If  a  magnet  is  suspended  by  a  thread  or  supported  upon  a 
pivot  so  as  to  turn  freely  in  a  horizontal  plane,  it  will  l?e  found 
to  assume  a  direction  which  is  almost  exactly  north  and  south, 
one  .particular  end  always  pointing  north,  Avhile  the  opposite 
•end  always  points  south.  If  the  magnet  is  displaced  from  this 
north  and  south  direction,  it  will,  after  a  few  vibrations,  settle 
back  into  its  former  position,  the  same  ends  again  pointing  north 
and  south  as  l)cfore.  The  pole  of  the  magnet,  therefore,  which 
points  to  the  north  is  called  the  north-pointing  pole,  or  more 
simply,  the  north  pole,  and  that  which  points  to  the  south  is 
called  the  soutli-pointing  pole,  or  the  south  pole.  If  the  north 
pole  of  one  magnet  is  presented  to  the  north  pole  of  another 
freely  suspended  magnet,  the  two  will  be  found  to  repel  each 
other.  In  the  same  way,  if  two  south  poles  are  brought  near 
each  other,  they  Avill  be  found  likewise  to  repel ;  but  if  the  north 
pole  of  one  magnet  is  presented  to  the  south  pole  of  another,  the 
tAvo  will  be  found  to  attract.    AVe  liave,  therefore,  the  first  great 
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law  of  magnetic  attractions  and  repulsions,  namely:    Lil;c  mag- 
netic i)olc$  repel  each  oilier,  while  unlike  magnetic  'pohs  attract. 

344.  The  Force  Between  Two  Magnetic  Poles.  It  is  seen 
that  tlie  law  for  the  mutual  action  of  two  poles  is  analogous  to 
the  law  according  for  the  mutual  attractions  and  repidsions  of 
electrified  bodies.  Since,  however,  it  is  impossible  to  speak  of 
qnantities  of  magnetism  as  Ave  speak  of  quantities  of  electricity, 
the  expression  .strength  of  pole,  or  intensitj)  of  pole,  is  used  to 
express  the  ability  Avhieh  one  magnetic  pole  possesses  of  exert- 
ing a  force  upon  another  magnetic  pole  when  the  two  are  brought 
near  together.  AVlien  one  pole  acts  upon  another  to  attract  or 
repel  it,  a  force  is  developed  in  the  medium  between  the  two. 
Coulomb  found  by  experiment  that  this  force  is  proportional  to 
tlie  i)roduct  of  the  strengths  of  the  poles  and  inversely  propor- 
tional to  the  square  of  the  distance  between  them.  Thus,  if  F 
represents  the  force  in  dynes  witli  which  one  magnetic  pole  of 
strength  m  attracts  or  repels  another  magnetic  pole  of  strength 
m',  wliere  r  is  the  distance  between  them,  then 


F 


or 


"vvhere  /■:  is  the  factor  of  ijroportionality. 

This  relation,  which  Coulomb  verified  by  the  use  of  the  torsion 
balance,  is  known  as  Coulomb's  law,  and  forms  the  second  of  the 
two  great  laws  according  to  which  mutual  attractions  and  re- 
pulsions ])etween  magnetic  poles  take  place. 

345.  The  Unit  Magnetic  Pole.  As  yet.  however,  we  have 
not  determined  the  magnitude  of  the  pole  of  unit  intensity:  but 
since  force  and  distance  {F  and  r)  in  the  above  equality  may 
be  expressed  in  terms  of  absolute  units,  so  also  may  m  and  m'  be 
likewise  so  expressed,  provided  only  that  7.;  be  eliminated.     In 
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order  that  /.•  may  have  the  value  of  unity,  and  so  disappear  from 
the  etjuation,  we  agree  to  call  ni  unity  when  ju'  is  also  unity, 
that  is,  wlien  vi  :=  m' ,  and  wlien  7^' and  r  are  each  equal  to 
unity,  in  Avhieli  case 

A:  =  1, 

and  the  aliove  equation  becomes 


F 


In  thus  assigning  to  7."  tlu^  value  unity,  Ave  have,  however, 
determined  the  magnitude  of  the  pole  of  unit  strength.  Ac- 
cordingly, a  pole  of  unit  strength  or  intensity  is  a  pole  of  such 
strength  that  it  will  rapel  a  similar  anel  cejiial  pole  at  the  elis- 
tance  of  1  centimeter  tvith.  a  force  of  1  dyne.  From  this  it  fol- 
lows that  if  a  pole  of  unknown  strength  were  to  exert  a  force. 
for  instances,  of  1000  dynes  upon  a  unit' pole  when  the  two  are 
1  centimeter  apart,  the  unknown  pole  would  have  a  strengtli  of 
1000  units. 

346.  The  Molecular  Theory  of  Magnetism.  If  we  hrcak  a 
long  steel  magnet  into  two  parts,  it  will  be  found  that  it  is  not 
possible  to  have  one  half  of  the  original  magnet  containing  the 
north  pole  only  and  the  other  half  the  south  pole  oidy,  but  that 
each  half  will  be  a  complete  magnet  possessing  a  north  and  a 
south  pole  of  its  own,  Fig.  220,  a  new  pole  having  developed 
at  the  fracture  on  each  piece.  If  each  of  these  pieces  is  again 
broken,  the  same  Avill  be  found  to  hold  true;  and  if  the  whole 
magnet  is  broken  into  little  pieces,  each  fragment  will  be  found 
to  be  a  complete  magnet  possessing  a  north  and  a  south  pole. 

If  we  imagine  this  process  to  be  carried  on  indefinitely,  we 
should  ultimately  reach  the  molecules,  and  we  should  then  un- 
doubtedly find  that  each  molecule  of  a  bar  of  steel  is  a  complete 
magnet  in  itself,  possessing  a  north  and  a  south  pole.  In  the 
magnetized  steel  the  north  poles  of  the  molecules  are  thought,  in 
general,    to    point   one  way  and    the    south  poles    to  point    the 
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otluT,  SO  tliat  we  have  what  is  equivalent  to  a  great  north  jDole 
at  one  end  and  a  great  south  pole  at  the  other.  In  the  center 
of  the   bar  the  same  orderly   arrangement  is  helieved   to  exist 
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Fig.  220.     Each  fi'ngnient  of  a  magnet  is  a  complete  magnet. 

hut  the  effeet  of  a  row  of  south  poles  across  the  har,  as  at  ah, 
Fig.  221,  is  neutralized  l)y  the  i)]'esenee  of  a  row  of  north  poles 
close  at  hand,  and  thus  no  extei-nal  result  is  produced.  When 
the  magnet  is  hroken,  however,  these  rows  of  opposite  poles  are 
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Ei<;.   221.      Tlie   nioleonlcs   of  a   magnet  arc   magnetized. 

separated  from  each  othei-.  and  liein-e  produce  resultant  poles 
on  each  of  the  fi-agments.  A  iiew  pole,  therefor(\  has  not  lieen 
created  by  breaking  the  magnet,  but  simply  the  disturbing  and 
neutralizing  effect  of  an  equal  and  opposite  pole  infinitely  near 
has  been  removed. 
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AYhen  a  bar  of  iron  or  steel  is  magnetized  by  rubbing  with  a 
permanent  magnet,  it  is  found  that  this  magiiet  loses  none  of  its 
own  strength  while  imparting  this  remarkable  property  to  the 
unmagnetized  bar.  This  fact,  combined  with  the  inevitable  con- 
clusion that  the  molecules  of  a  magnet  are  themselves  magne- 
tized, leads  us  to  believe  that  the  molecules  of  an  unmagnetized 
bar  of  soft  iron  or  steel  are  all  magnetized,  each  having  a  north 
and  a  south  pole,  but  that,  owing  to  the  mutual  attractious  and 
repulsions  of  these  molecular  poles,  no  definite  order  of  arrange- 
ment exists.  The  molecules  of  an  unmagnetized  bar  thus  form 
a  confused  mass,  Fig.  222,  the  poles  pointing  in  every  conceiv- 
able direction.  Each  molecule  attaches  itself  to  its  neighbor  in 
such  a  way  tliat  the  north  pole  of  one  molecule  attracts  the  south 
pole  of  an  adjacent  molecule,  so  that  the  molecules  of  an  unmag- 
netized bar  arrange  themselves  in  irregular  groups,  each  aggre- 

r^~^ — ^ — —    ^ .... TT — ; — -n  gation,     however,     repre- 

—  \>  — /*^  ._\--'^— /  \\--\  sentnig   the    greatest   mo- 

>i-C\:V^^- 1  \^<'^'-~  iXl  I  lecular  stability.  The  pro- 

cess of  magnetization  con- 
sists,    therefore,     not     in 

I I  magnetizing      the      mole- 

fSj   z^~£rzsz7z?z?£rzj-zsz?zj-z?zj-^  S        cules,   but   simply  in   giv- 

^^1  ing  order,  to  this  confused 

Fir..    222.    The   molecules    in   an   iinmag-     arrangement,    that    is,    in 

netlzod    bar   of   iron   or    steel   and    in   the       fnvnino-        iho        innlppidps 
.«ami'  bar  magnetized.  Luium^  im  i.[  v^nrv,  nii. -t> 

around,  so  tliat  their 
north  poles  will  all  point  in  one  direction,  and  their  south 
poles  in  the  opposite  direction. 

In  thus  giving  a  uniform  direction  to  the  molecules,  the 
marked  distinction  between  soft  iron  and  steel  becomes  at  once 
apparent.  It  is  found  that  the  molecular  forces  which  bind  to- 
gether the  molecules  of  iron  are  not  so  strong  as  are  those  which 
exist  betAveen  the  molecules  of  steel,  and,  *  therefore,  it  is  less 
difficult  to  magnetize  a  bar  of  soft  iron  than  a  bar  of  steel.  In 
other  words,  for  a  given  magnetizing  force  a  bar  of  soft  iron 
will  become  more  strongly  magnetic  than  a  bar  of  steel;  but 
owing  to  the  greater  freedom  of  motion  among  its  particles,  the 
soft  iron  loses  its  magnetic  properties  as  soon  as  this  force  is 


MOLECULAR   MAGNETS.  413 

Mitlulrawn,  while  .sto(4  retains  its  magnetism.  This  simply 
means  that  the  molecules  of  soft  iron  turn  about  and  resume  a 
thoroughly  confused  arrangement  as  soon  as  the  magnetizing 
force  is  removed,  while  the  molecules  of  steel,  because  they  are 
held  more  firmly  together,  remain  permanently  in  the  positions 
which  they  assume  when  magnetized.  It  is  more  difficult,  there- 
fore, to  magnetize  a  bar  of  steel  than  a  bar  of  soft  'iron,  but  the 
steel  retains  its  magnetism  longer  than  the  iron.  This  property 
of  molecular  rigidty  which  steel  possess  in  greater  measure  than 
soft  iron  is  known  as  rctcntivity.  Steel,  therefore,  has  greater 
retentivity  than  soft  iron. 

347.  Phenomena  due  to  the  Molecular  Magnets.  There  are 
many  phenomena  coiniected  with  magnets  which  confirm  most 
conclusively  the  molecular  theory  of  magnetism  here  presented. 
If  a  bar  of  steel  is  gently  tapped  while  being  magnetized,  the 
jar  thus  produced  gives  the  molecules  greater  freedom  of  mo- 
tion and  enables  them  more  completely  to  set  themselves  parallel 
to  one  another,  thus  producing  a  stronger  magnet.  Immediatelj^ 
after  the  magnetizing  force  has  been  removed,  the  magnet  loses 
somewhat  in  strengtli,  since  a  number  of  the  little  molecules  turn 
around  notwithstanding  the  great  retentivity  of  the  steel.  Ham- 
mering or  pounding  with  a  permanent  magnet  will  weaken  the 
magnet,  because  this  aids  the  little  molecules  to  turn  around  in 
obedience  to  their  own  attractions.  Heating  a  magnet  red-hot 
will  cause  it  to  lose  all  traces  of  magnetism,  owing  to  the  greater 
freedom  of  motion  which  the  particles  have  at  the  higher  temper- 
ature. 

Whenever  a  strong  magnet  is  quickly  made,  as,  for  instance, 
when  a  current  of  electricity  is  passed  through  a  coil  of  wire 
containing  a  bar  of  soft  iron,  a  faint  click,  called  the  "mag- 
netic tick,"  is  heard,  wliicli  is  thought  to  be  due  to  something 
analogous  to  friction  between  the  molecules  as  they  turn  and 
assume  the  more  orderly  molecular  arrangement  of  a  magnet. 
If  an  alternating  current  is  sent  through  the  coil,  the  molecules 
of  the  iron  will  set  themselves  first  in  one  direction  and  then 
in  the  other,  and  the  ''tick"  made  by  the  molecules  in  turning 
occurs  as  frequently  as  the  current  reverses.  This  gives  rise  to 
a  musical  note,  the  pitch  of  which  corresponds  to  the  number  of 
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alternations  of  the  current.  Moreover,  nnder  these  eireunistances 
the  iron  grows  warm,  showing  that  energy  is  expended  in  over- 
coming the  molecular  friction  as  the  molecules  point  first  one 
way  and  then  tlie  other ;  aud  as  miglit  he  expected,  steel  hecomes 
heated  in  this  way  more  than  iron.  This  explains  the  "singing" 
of  the  transformer. 

348.  Limit  of  Magnetization— Magnetic  Saturation.  Fur- 
tliermore,  if  the  molecular  theory  is  correct,  we  should  antici- 
pate that  there  must  he  a  limit  to  the  magnetization  which  a  bar 
of  iron  or  steel  can  acquire.  Since  in  the  unmagnetized  bar  the 
molecules  are  in  confusion  and  lie  in  all  possible  directions,  the 
process  of  magnetization  consists  so  in  turning  these  mole- 
cules tliat  as  far  as  possible  tliey  may  all  point  one  Avay. 

We  believe,  then,  tliat  the  strength  of  pole  of  a  magnet,  other 
things  being  equal,  depends  upon  the  relative  number  of  these 
molecules  which  thus  assume  an  orderly  direction.  The  more 
nearly  parallel  to  one  another  the  molecules  lie,  the  greater  be- 
comes the  strength  of  the  magnetic  pole  so  produced.  There- 
fore, as  the  magnetizing  force  increases,  the  molecules  are  made 
to  lie  more  and  more  nearly  parallel  to  one  another,  and  the 
strength  of  the  pole  likewise  increases.  A  limit,  however,  is 
finally  reached  wlien  practically  all  the  molecules  which  are 
free  to  turn  lie  parallel  to  one  another,  after  which  even  a  great 
increase  in  the  magnetizing  force  produces  at  best  only  a  feeble 
addition  to  th(^  strength  of  the  pole,  and  the  magnet  is  said  to 
be  minratcd.  In  a  saturated  magnet  the  limit  of  arranging  the 
molecular  magnets  parallel  to  one  another  has  been  reached,  so 
tliat  the  strengtli  of  a  magnet  cannot  be  increased  beyond  its 
point  of  saturation. 

349.  Residual  Magnetism.  "When  the  magnetizing  force  is 
removed  from  a  bar  of  soft  iron,  nearly  all  the  molecules  form 
groups  again  in  obedience  to  their  mutual  attractions, 
owing  to  the  small  retentivity  of  the  iron.  A  few  molecules, 
however,  remaiji  pointing  in  tlie  same  direction,  so  that  a  feeble 
degree  of  magnetization  remains,  which  gives  rise  to  what  is 
known  as  residual  magnetism.  Residual  magnetism  is  tlie  mag- 
r.etism  remaining  in  the  bar  of  iron  after  the  magnetizing  force 
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lias  l)(M'ii  rciiioNcd.  The  iiiagiu'tisiu  of  a  [xTiiianciit  steel  maguet 
is  thus  ('iitir(dy  i-esidual,  tlic  great  reteiitivity  of  the  steel  mak- 
ing ])ossil)]('  a  large  amount  of  nsidual  nuignetism. 

350.  Magnetic  Moment  of  a  Magnet.  It  is  found  that  the 
ability  of  a  suspentled  magnet  to  turn  under  magnetic  inliuence 
is  due  not  only  to  tiie  strength  m  of  its  poles,  but  to  the  distance 
I  l)et\veen  them.  The  i)ro(luet  of  the  strength  of  one  of  the 
l)cles  of  a  magnet  and  the  distance  ])etween  them  is  called  the 
magnetic  moinent  cf  the  magnet.  Accordingly^  if  J/  denotes 
the  magnetic  moment, 

M=ml. 

Since  the  location  of  the  ])oles  within  a  magnet  cannot  be 
l)recisely  ascertained,  the  distance  /  cannot  be  exactly  measured. 
It  is.  therefore,  far  easier  to  ccmi)ute  the  magnetic  moment  of 
a  magnet,  Avhieh  ind(H'd,  invclvcs  both  vi  and  /,  than  to  deter- 
mine separately  either  its  strength  of  pole  vi  or  its  lengtli  /. 

351.  The  Intensity  cf  Magnstizalion.  The  int  usity  of  mag- 
iietization  of  a  nmgnet  is  defii:ed  as  the  ratio  of  tlie  magnetic 
moment  to  the  volume  of  the  nmgnet,  cr,  in  other  words,  it  is 
the  magnetic  moment  per  luiit  of  volume,  and  is  usually  de- 
noted l)y  7.     That  is, 

J   M;x"netic  moment 

^^)lllme  of  magnet 

If  a  denotes  the  area  of  the  cross-section  of  the  magnet,  that  is. 
the  ai*ea  of  the  end  of  the  nuignet,  ami  /  the  length  of  the  mag- 
net, then 

The   volume  of  the  magnet=rtZ; 

and  since 

The  magnetic  nu)ment  of  the  magnet=»(?. 
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it  follows  that 


I  = 


or,  approximately, 


I  — 


since  the  length  of  the  magnet  may  l3e  regarded,  roughl}^,  as  the 
length  of  the  bar  of  steel.  The  intensity  of  magnetization, 
therefore,  may  also  be  defined  as  the  strength  of  pole  per  unit 
of  cross-section. 

The  interpretation  of  this  expression  is  as  follows :  The  effect 
of  a  magnet  proceeds  from  its  pole  and  depends  upon  its 
strength  of  pole.  This  pole,  however,  is  not  situated  on  the 
surface,  but  is  a  short  distance  within  the  magnet,  and  the  mag- 
netic influence  which  emanates  from  the  pole  must  pass  through 
the  end  of  the  magnet,  and  so  be  distributed  over  a  surface 
equal  to  the  area  of  the  end.  The  effect,  therefore,  w^hich  pro- 
ceeds from  1  square  centimeter  of  the  end,  the  area  of  Avhich 

is  a,  is       of  that  which  proceeds  from  the  pole  m. 

Accordingly,  if  two  magnets  have  equal  lengths  and  equal 
strengths  of  pole  but  different  cross-sections,  Fig.  223.  the 
same  total  effect  must  come  through  the  end  of  each  magnet. 
The  effect  per  square   centimeter,  however,  is  greater   in  the 

smaller  magnet,  indicating  that 
in  this  the  molecules  have  been 
rendered  more  nearly  parallel, 
tliat  is,  that  the  iron  or  steel  has 
l)een  more  highly  magnetized, 
than  in  the  larger.  In  other 
words,  the  t^Vo  expressions,  in- 
tensity  of    magnetization,    and 

Fig.    223.     The    strength    of    polo    per  •  strength  of  poU  per  Unit  of  SUT- 
iinit     of     surface     is     greater     the    ^  •  t       j.-      i     •  „•„„ 

smaller  the  cross-section.  face,  are  identical  m  meaning. 
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sinee  both  refer  to  the  degree  to  v iiieli  the  molecules  of  the  mag 
net  have  been  orderly  arranged. 

Since  the  magnetic  effect  Ine  to  the  pole  of  strength  w  is  thus 
distributed  over  the  surface  a,  Avhich  is  the  area  of  the  end,  the 
expression 


lias  also  received  the  name  magnetic  density.  This  term,  which 
is  an  unfortunate  one,  undoubtedly  had  its  origin  in  the  old 
idea  that  magnetism  was  a  flind.  and  that  the  quantity  of  mag- 
netism m.  was  spread  over  the  suiface  a  of  the  end  of  the  magnet. 
Accordingly,  this  ex])ressi()n  reiiresi'uts  the  amount  of  magne- 
tism per  unit  of  polar  surface,  that  is,  the  magnetic  density. 

We  see,  therefore,  that  the  intensity  of 
magnetization  is  a  measure  of  the  mag- 
netic state  of  the  iron  or  steel,  and  must 
be  thought  of  as  a  ])roperty  of  tlie  entii'e 
body  of  tlie  magnet  or  any  part  of  it.  If 
a  magnet  is  cut  into  short  lengths.  Fig. 
224,  new  poles,  each  equal  in  strength  to 
the  old  ones,  will  be  developed  at  the  cut 
surfaces.  Since  the  lengths  are  thus 
shorter,  the  magnetic  moment  of  each 
piece  is  smaller.  l)ut  so,  also,  is  the  vol- 
ume, in  the  same  proportion.  If  the  magnet  is  split  lengthwise 
into  smaller  sections.  Fig.  225,  the  strength  of  pole  of  each  piece 
will  be  less  in  proportion  to  the  diminished  area  of  the  cross- 
section.  Here  also,  since  the  strength  of 
pole  is  less,  the  magnetic  moment  of  each 
section  is  smaller,  but  only  in  exactly  the 
same  ])r()i)()rti<)ii  as  the  voluinc  has  Ix'comc 
smaller. 

In  citlicr  event,  the  magnetic  moment. 
)n  I,  has  become  smaller,  but  so  has  the 
vohnne,  a  I,  likewise  become  smaller  and 
''"niagnenc"  moment  ^Vs      "^    ^^^^    samc   proportion,    and    therefore 
proportional  to  the  vol-     f],,.  i„t,.iisity  of  magnetism. 


Fk!.  224.  The  magnetic 
moment  is  proportional 
to   the    volume. 
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m  I 
or,  approximately, 


/// 

a 


lias  remained  constant.  Accordingly,  the  ratio  of  the  magnetic 
anoment  to  the  volume,  that  is,  the  magnetic  moment  per  unit  of 
'volume,  or  the  intensity  of  magnetization,  i'S  a  property  of  the 
magnet,  and  is  a  measure  of  the  degree  to  which  the  molecules 
of  the  iron  or  steel  have  been  arranged  so  as  to  lie  parallel  and 
in  the  same  direction. 

While  the  three  expressions,  intcnsitu  of  magnetization, 
■strength  of  pole  per  unit  of  surface ,  and  magnetic,  density,  all 
refer  to  the  same  physical  conception,  the  first  of  these,  namely, 
intensity  of  magnetization,  carries  with  it  an  idea  of  the  inner 
anagnetized  state  of  the  magnet  which  the  others  fail  to  convey. 


CHAPTER  XXVIII. 

THE  MAGXETIC   FIELD. 

352.  Magnetic  Potential.  We  have  already  found  (p.  409) 
the  expression  for  tlie  force  with  which  oiie  magnetic  pole  acts 
upon  another  pole  when  the  two  are  a  certain  distance  apart. 
In  the  solution  of  many  problems,  liowever,  it  is  simpler  to  use 
the  expression  for  the  magnetic  potential  at  a  point  instead  of 
the  force  at  that  point,  meaning  by  the  magnetic  potential  at 
a  point  the  potential  energy  which  a  unit  north  magnetic  pole 
would  possess  if  placed  at  that  point.  Accordingly,  the 
magnetic  potential  at  a  point  is  defined  as  the  number  of  ergs 
of  work  required  to  bring  the  unit  north  magnetic  pole  from 
infinity  to  that  point :  and  the  difference  of  magnetic  potential 
between  two  points  is  the  work  done  in  carrying  the  unit  north 
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magnetic  pole  from  one  point  to  the  other.  Two  points  have 
a  difference  of  magnetic  potential  of  one  unit  between  them 
when  one  erg  of  work  is  required  to  carry  the  unit  north  mag- 
netic pole  from  one  point  to  the  other.  By  a  process  of  reason- 
ing similar  in  every  way  to  that  employed  in  determining  the 
electric  potential  at  a  point  (p.  357),  the  magnetic  potential 
V  at  a  point  at  a  distance  r  from  a  pole  of  strength  m  is 


y 


and  the  difference  of  potential  between  two  points  ^i  and  B 
at  the  distances  r  and  r'  from  the  pole  m  is 

^A    ~^n    =»^(  '.-'.) 

:\Ioreover,  the  potential  at  a  point  due  to  the  presence  of  several 
poles  is  the  sum  of  the  potentials  which  each  pole  would  pro- 
duce separately  at  that  point.     Thus,  if  a  point  A  is  distant 

r.  r',  r",  r'", from  poles  m,  m'  m'',  m''', 

tlie  ix)tential  at  A  is 


It  must  not  be  forgotten  that  if  positive  Avork  is  done  in  bring- 
ing up  a  unit  nortli  magnetic  pole  into  the  presence  of  the  north 
pole  of  a  magnet,  ^ve  must  think  of  the  potential  as  being  high 
in  the  neighborhood  of  a  north  pole.  On  the  other  hand,  if  a 
unit  north  magnetic  pole  were  brought  up  near  the  south  pole 
of  a  magnet,  the  two  would  tend  of  themselves  to  move  together, 
hence  a  negative  amount  of  work  would  have  to  be  done,  and 
therefore  the  potential  due  to  a  south  pole  must  be  regarded  as 
low. 

353.  Equipotential  Surfaces.  AVe  have  defined  the  magnetic 
potential  ;it  a  i)()iiit  to  l)e  the  number  of  ergs  of  work  required 
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to  bring  a  unit  nortli  pole  from  infinity  to  that  point.  We  liave 
also  seen  that  if  a  unit  north  pole  is  ])rought  np  to  a  distance  r 
from  a  pole  whose  strength  is  m,  the  potential  is 


The  same  number  of  ergs  of  work  would  have  to  be  done  had 
the  unit  north  pole  been  brought  up  from  infinity  along  any 
other  path  to  the  same  distance  from  the  pole,  and  therefore 
through  the  points  at  the  distance  r  from  the  pole  a  surface  may 
be  laid  such  that  the  potential  at  every  point  of  this  surface  is 
constant.     Such  a  surface  is  called  an  equipotential  surface. 

An  equipotential  surface,  therefore,  is  an  imaginary  surface 
drawn  around  a  magnetic  pole  or  a  number  of  magnetic  poles, 
over  the  entire  extent  of  which  the  magnetic  potential  has  a  con- 
stant value.  At  another  distance  from  the  pole  another  surface 
may  be  laid,  at  every  point  of  which  the  potential  is  likewise 
constant,  though  of  different  value  from  that  upon  the  first. 
In  this  way  the  entire  region  about  a  magnetic  ])ole  or  a  number 
of  poles  may  be  divided  into  a  series  of  equipotential  surfaces. 
These  equipotential  surfaces  have  a  difference  of  potential  of 
one  unit  between  them  when  one  erg  of  Avork  is  required  to 
carry  a  unit  north  magnetic  pole  from  one  surface  to  the  other. 
The  forms  of  the  equipotential  surfaces  as  they  exist  about  a 
magnet  having  two  poles  are  far  from  simple. 

However  complicated  an  equipotential  surface  may  be,  its  po- 
tential is  everywhere  constant,  and  therefore  no  work  is  required 
to  carry  a  unit  north  pole  l)etween  two  points  upon  an  equipo- 
tential surface.  Moreover,  the  work  done  in  carrying  a  unit 
north  pole  from  one  equipotential  surface  to  another  is  inde- 
pendent of  the  path,  since  this  path  may  always  be  resolved 
into  two  components,  one  of  which  is  parallel  to  the  equipo- 
tential surfaces,  and  the  other  perpendicular  to  these  surfaces. 
Since  no  work  is  performed  in  carrying  a  magnetic  pole  parallel 
to  an  equipotential  surface,  the  entire  Avork  is  done  in  eariwing 
this  pole  along  a  line  perpendicular  to  these  surfaces.  In  other 
Avords,  the  magnetic  force  ahvays  acts  at  right  angles  to  the 
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eqiiiijotential  surfaces,  or,  eqiiipotential  surfaces  and  lines   of 
force    p.  422)  are  always  perpendicnilar  to  each  other. 

354.  The  Magnetic  Field.     The   region   all   about   a   magnet 
Avitliin  whicli  tlic   magnetic  effect  may  be  detected  is  called  the 
magnetic  field,  or  tlie  field  of  force.     Tlie  existence  of  this  field 
of  force  about  a  magnet  is  thought  to  ]je  due  to  a  distortion  of 
the  ether    in    the    neigh])orhood  of    the    nuignet    in    a    manner 
analogous,  thougli  not  similar  to  the  distoi-fion  produced  by  an 
electrified  bod.v   (p.    364).     That    is,    the    simple    presence  of  a 
magnet  is  thought  to  disturb  or  strain  the  ether  all  about  a  mag- 
net ;  and  the  influence  Avhich  one  magnet  can  exert  upon  another 
is  due  to  this  distorted  state  of  the  ether,  or,  in  other  words,  to 
the   presence    of  the   two    magnetic   fields.     There   are    certain 
l^henomena   which  would  seem  to  indicate  that  this  distortion 
of  the  ether  about  a  magnet  is  of  the  nature  of  a  twist,  or  whirl, 
but  this  is  not  as  yet  proved.     When  a  magnetic  pole  is  brought 
iiito  a  field  of  force  it  is  influenced  by  this  distorted  state  of  the 
etliei".  and  so  is  acted  upon  by  a  force.    While  the  di.stortion  or 
strain  of  the  ether  exists  in  a  field  of  force  before  a  magnetic 
pole  is  brought  into  the  field,   ft  force   docs  not  c.rist  until  a 
))t(i(lii(iic  pair  is  (Klually  tlierr.     A  field  of  force,  tlierefore,  is 
Dot  <i  force,  hilt  is  that  condition  of  the  region  eihout  a  magnet 
in    virtue  of  irhich   a  magnetic  pole  is  acted  vpon   hy  a  force 
win  )i  if  is  hro\ighi  inio  the  field. 

355.  The  Characteristics  of  the  Field — The  Direction  of  the 
Field.  It  is  necessary  to  specify  two  charactei'istics  of  a  mag- 
netic field  of  force  in  order  to  define  the  field.  These  character- 
istics are  the  direction  of  the  field  and  the  strength,  or  the  in- 
t(  nsitij,  of  the  field. 

The  direction  of  the  field  at  any  point  is  defined  as  the  direc- 
tion in  which  a  north  magnetic  pole  woidd  move  if  placed  at 
thai  point.  Thus,  if  o.  Fig.  226,  represents  the  north  pole  of 
a  small  imaginary  magnet  in  the  field  of  force  of  the  magnet 
NS,  0  is  repelled  by  tlie  north  pole  of  the  magnet  along  the  line 
oa,  and  attracted  by  the  south  pole  of  the  magnet  along  the 
line  oh.     The  resultant  of  these  two  forces  is  oc,  which  is  the 
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direction  in  which  the  pole  o  Avould  move.  The  direction  oc 
indicates,  therefore,  the  direction  of  the  resultant  force  at  the 
point  0. 


N 


Fig.  22G.     The  direction  of  tlie  resultint  force  in  a  magnetic  field. 


356.  The  Lines  of  Force.  Onr  study  of  the  properties  of  a 
field  of  force  is  assisted  greatly  by  the  conception  of  lines  of 
force.  A  line  of  force  in  a  magnetic  field  is  a  continuous  line 
so  draivn  that  it  shows  at  each  point  the  direction  of  the  force 
at  that  point.  In  other  words,  a  line  of  force  in  a  magnetic 
field  is  a  line  along  ivhich  a  north  magnetic  pole  would  move 
when  hronght  into  the  field.  Accordingly,  if  a  small  north  pole, 
Fig.  227,   is  brought  near  the  north  pole   of  the  magnet  and 


Fig.  227.     A  line  of  force  is  tangent  to  the  direction  of  the  force  at  every  point. 

left  to  itself,  it  will  move,  being  repelled  at  each  point  of  its 
path  by  the  north  pole  and  attracted  by  the  south  pole,  and 
therefore  it  Avill  trace  out  a  curve  extending  from  the  north  pole 
to  the  south  pole  of  the  magnet.  ]Moreover,  each  point  of  this 
path  will  indicate  the  direction  of  the  resultant  force,  and  there- 
fore the  curve  at  any  point  will  he  tangent  to  the  force  at  that 
point.     A  line  of  force,  therefore,  may  be  defined  as  a  confin- 
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yous  luu  so  drawn  in  a  nw,nutu:  fidd  that  every  point  of  that 
line  IS  tangent  to  the  dinetion  of  the  force  at  that  point.  It  is. 
obvious,  tlierefore,  that  lines  of  force  can  never  intersect;  for 
if  they  were  thus  to  cross  oue  another,  the  force  would  have 
two  directions  at  tlie  point  of  intersection,  which  is  impossible. 
Since  the  lines  of  force  indicate  the  direction  of  the  force 
about  a  magnet,  these  lines  are  thought  also  to  indicate  the  direc- 
tions along  which  the  ether  is  strained  in  a  magnetic  field,  and. 
in  our  furtlier  study  we  may  regard  the  lines  of  force  and  the 
strains  in  the  ether  as  indentieal  in  direction.  It  is  carefully 
to  be  noted  that  the  direction  of  a  line  of  force  at  any  pont  in  a 
magnetic  field  is  defined  as  the  direction  in  ivhich  a  small  north 
magnetic  pole  ivould  move,  or  roughly,  the  direction  indicated 
"by  the  north  pole  of  a  lime  maejneiic  needle  when  placed  at  that 
point,  and  this  direction  sliould  always  be  indicated  by  an- 
arrow  liead. 

357.  Lines  of  Force  and  Lines  of  Magnetization.  If  by 
means  of  a  little  magnetic  needle  tlie  field  of^force  about  a  mag- 
net is  thus  mapped  out,  it  will  be  found  that  the  lines  of  force 
all  proceed  from  tlie  north  pole  of  the  magnet  and  pass  in  con- 
tinuous curves  througli  the  field  and  enter  the  south  pole.  These 
lines  of  force  al)out  a  magnet  are  always  closed  curves,  extend- 
ing from  the  nort]i  i>ole  to  tlie  south  pole,  the  magnet  itself 
closing  the  curve.  I\Ioreover,  every  line  which  emanates  from- 
the  nortli  pole  comes  back  ultimately  to  the  south  pole,  and  flows 
back  through  the  l)ody  of  the  magnet  to  the  north  pole,  thus: 
completing  a  closed 
circuit.     Each  line  \  / 

within  the  iron  is  -^       ' 

continuous  with  a 
line  of  force  in 
the  space  outside. 
Fig.  228;  but  with- 
in the  iron  these 
lines,  which  are 
due  to  the  magne- 
tized  state   of   the 


ClOSi 


Tlio   lines   of   inairnelization    coiiiidete   and' 
•    tlie   lurves   of    the    lines   of   furc:-. 
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iron  itself,  liave  received  the  iiarae  of  lines  of  magnetization. 
In  a  permanent  magnet,  therefore,  lines  of  magnetization  in  the 
iron  complete  the  curves  of  the  lines  of  force  in  the  air  outside ; 
and  it  is  understood  to  be  in  this  sense  that  lines  of  force  always 
form  closed  curves. 

A  simple  and  elfective  method  of  mapping  out  the  field  of 
force  about  a  magnet  is  to  ^scatter  iron  filings  upon  a  piece  of 
glass  or  paper  placed  in  the  magnetic  field.  Since  each  little 
filing  then  becomes  itself  magnetic,  as  will  be  explained  later, 
and  so  sets  itself  parallel  to  the  lines  of  force,  the  filings  arrange 
themselves  in  beautiful  curves.  Fig.  229,  which  show  at  once 
the  character  of  the  field  of  force  aliout  a  magnet. 


Fig.   229.     The   field   of  force   nlnmr  a   magnet,   inapped  li.v   iron   tilings. 

358.  Properties  of  Lines  of  Force.  A  careful  study  of  the 
magnetic  lines  of  force  leads  us  to  attri])ute  to  them  the  fol- 
lowing properties : 

1.  They  are  without  exception  closed  curves,  the  magnet,  if 
they  proceed  from  a  magnet,  elcsing  the  curve. 

2.  They  never  intersect. 

3.  They  seem  to  act  like  tightly-stretched  rubber  cords. 

4.  They  always  tend  to  shorten  themselves. 

5.  They  seem  to  repel  one  another  -when  parallel  and  in  the 
same  direction,  and  to  attract  and  neutralize  one  another  when 
j)arallel  and  in  opposite  directions. 
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359.  Magnetic  Phenomena  Due  to  the  Magnetic  Field.  If 
Ave  conceive  of  lines  of  force  as  possessing  the  physical  proper- 
ties mentioned  above,  AVf  may  explain  all  magnetic  phenomena 
as  effects  dne  to  the  lines  of  force  with  which  we  imagine  a  field 
of  force  to  he  filled.  Tlius,  for  instance,  we  can  now  nnderstaiid 
why  the  nortli  i)ole  of  one  magnet  atti'acts  the  sonth  pole  of 
anotlier  magnet.  The  lines  of  force  emanating  from  the  north 
pole  of  the  first  magnet  enter  at  once  the  sonth  pole  of  the 
second;  and,  as  they' leave  the  north  pole  of  this  magnet  after 
passing  throngh  it,  they  pass  in  the  closed  cnrves  of  the  lines  of 


EiG.    2o0.      Lines  of  forc>e   between   nnliki'    magnetic   [uA^ 


irodncing   attraction. 


force  aronnd  the  two  magnets,  and  so  return  to  tlie  south  pole 
of  tlie  first,  thus  completing  tlic  curve.  Because  of  that  prop- 
erty of  lines  of  force  wlierel)y  they  tend  to  sliorten  themselves, 
the  two  magnets,  which  ai'c  tlius  hound  together  by  these  lines 
of  force  passing  through  botli.  ai-e  now  drawn  closer  together. 
just  as  tliey  would  be  if  tigiitly  stretclu'd  rubbei-  l)aiuls  Avere 
thus  to  coiniect  tlu'iu. 

In  an  analogous  way.  two  north  poles  or  two  sotith  poles  repel 
each  other  liecause  tlu^  lines  of  force  are  crowded  together  in  the 
space  between  the  two  poles;  and  as  these  lines  cannot  intersect 
or  cross  one  another,  tlie  result  is  as  if  a  qtmntity  of  elastic 
material  were  crowded  between  the  two  poles  thus  forcing  them 
apart.     The  field  of  force,  therefore,  betw.'cn  two  similar  mag- 
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iietic  i)oles  is  strikingly  different  in  character  from  that  which- 
exists  between  two  dissimilar  poles,  as  may  beautifully  shown 
by  scattering  iron  filings  upon  a  piece  of  glass  placed  over  two 
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Fig.   231.      Lines  of  force  between  like  magnetic  poles,   pvodueing  repulsion. 

magnets,  arranged  first  with  their  unlike  poles  and  then  with 
their  like  poles  toward  each  other.  Figs.  230  and  231. 

360.  The  Intensity  of  the  Field.     The  ^trcngili  of  the  field. 
or  the  intfiidfij  of  the  field,  is  tliat  characteristic  of  a  field  of 
force  in  virtue   of  Avhich  a   magnetic  pole  is  acted  upon  by  a 
force  when  brought  into  the  field.     It  is  found  that  the  force 
U'liicli  is  exerted  upon  <i  magnet ic  pole  in  a  field  of  force  is  pro- 
portiomd  to  tlie  intensittj  of  IJie  field  and  to  the  strength,  of  the 
pole.     That  is,  if  ^ni  denotes  the  strength  of  the  pole,  and  TI  the- 
strength  of  the  field  into  which  this  pole  is  brought  then,  if  F' 
is  the  force  with  whicli  the  field  acts  upon  the  pole, 

F   :  H  m. 


or 


F=kHm, 
where  h  is  the  factor  of  proportionality. 
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361.  The  Field  of  Unit  Intensity.  Fi-om  the  alxnc  (Miiuitinu 
it  is  possible  to  derive  the  detinitio]i  of  the  field  of  unit  strength : 
and  in  order  tliat  this  may  be  expressed  in  C.  G.  S.  nnits,  F  and 
in  must  likewise  l)e  expressed  in  these  nnits,  and  /.;  mnst  eqnal 
nnity.  Aeeordingly,  if  we  agree  to  eall  //  unity  Avhen  /''  and  m 
are  eaeh  eqnal  to  nnity,  then 

and  the  expression  for  the  foree  F,  acting  on  the  pole  m  in  the 
field  of  strength  //,  is 

F=Em. 

In  thus  giving  to  k  the  value  unity,  Ave  have,  however,  definitely 
determined  that  the  field  of  unit  intensity  is  the  field  that  acts 
with  unit  force  npon  the  unit  pole.     The  C.  G.  S.  unit  strength 
of  field,  thus  defined,  is  called  the  gauss. 
By  letting  m^=l  in  the  ahove  equation, 

F=n.  1, 

from  Avhieh  it  follows  tliat  the  strength  of  a  magnetic  field  is- 
measured  hy  the  number  of  dynes  of  force  with  ivhich  the  field 
acts  upon  the  unit  pole.  Thus,  for  example,  if  a  unit  pole  Avere 
acted  upon  by  1000  dynes  of  force  when  placed  in  a  certain  mag- 
netic field,  the  field  Avonld  then  haA^e  a  strength,  or  intensity,  of 
1000  nnits,  or  1000  gausses. 

362.  Location  of  the  Field  of  Unit  Intensity.  If  tlie  H(  Id  ol" 
strength  II  is  due  to  the  presence  of  a  i)ole  of  strength  m.  Fig. 
232,  Ave  have,  then,  tAvo  expressions  for  the  force  acting  on  a 
magnetic  pole  m'  Avhich  may  be  brouglit  into  this  field  : 


T7  mm 

F  =       - 


and 


H 


-J.  Fir,.    2;i2.   Two    ox- 

-T  — .tlm  .  prossions  for  the 

force    acting    on 
the   i)ole   m'. 


428  THE  MAGNETIC   FIELD. 

Tile  tii'st  of  these  relations  gives  the  force  that  exists  when  the 
pole  i)i'  is  brought  near  the  pole  m,  and  at  the  distance  r  from 
it  (p.  409),  while  the  second  is  the  mc^asure  of  the  force  exerted 
upon  the  pole  of  strength  m''  when  this  is  In'ought  into  the  field 
of  strength  //,  due  to  the  pole  m  (p.  427). 
liquating  these  two  equal  expressions  for  F, 


n  m'  =  ^i^i^' 


or 


7/  = 


Here  H  is  the  strengtii  of  the  field  at  the  distance  r  from  the 
pole  of  strength  m,  which  shows  that  the  iniensitij  of  the  field 
due  to  a  magnet  pole  varies  iuverscly  as  the  square  of  the  dis- 
tance from  that  pole. 

In  the  last  equation,  if  i)i=^l  and  r=l  then 

from  which  it  follows  that  the  field  of  unit  intcnsitij  is  found  at 
unit  distance  from  the  unit  pole. 

363.  Representation  of  a  Magnetic  Field.  Since  the  inten- 
sity of  a  magnetic  field  is  measured  1).y  the  number  of  dynes  of 
force  with  which  the  field  acts  upon  the  unit  pole,  we  may 
represent  to  the  eye  the  intensity  of  the  field,  Fig.  233,  l)y 
drawing  just  as  many  lines  of  force  through  each  square  centi- 
meter of  the  field  as  there  are  dynes  of  force  acting  upon  the 
unit  pole.  That  is,  a  field  of  1000  units  intensity  would  act  with 
1000  dynes,  upon  the  unit  pole.  This  may  be  represented  to 
the  eye  by  drawing  1000  lines  of  force  through  a  square  centi 
meter,  the  plane  of  this  little  area  being,  of  course,  perpendic- 
ular to  the  lines  of  force. 


ri:i'Ki:si:nta'1'I().\   of  a    ma(;ni:ti('  fii;lo. 
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Accordiiiiily,  the  field  of  unit  intensity  would  be  rei^rcsented 
by  1  line  of  force  passing  through  each  square  centimeter  of  the 
field.  Hut  we  have  found  that  tlie  unit  field  is  found  at  unit 
distance  from  the  unit 
pole.  Tlierefore,  //  we 
describe  a  sphere  of  1 
centimeter  radius  ahont 
the  unit  pole,  the  field  of 
force  everywhere  on  the 
surface  of  this  sphere 
will  he  of  unit  intensity. 
Moreover,  the  surface  of 
this  sphere  will  have  an 
area  of  47r  scpiare  centi- 
meters, because  the  sur- 
face of  a  sj^here  has  an 
area  of 
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cfdinvo    o/infimotovc     sinrl       FiG.    233.     The    intcusity    of   a    magnetic    field 
S(lUdie    CCmimeieiS,    dUU  j^^    represented    by    the    number    of    lines    of 


in  this  case 


epi 
force    passing    througli    a    square    centimeter. 


=1, 


Accordingly,  since  the  unit  field  about  a  unit  pole  is  47r  square 
centimeters  in  extent,  and  since  each  square  centimeter  con- 
tains 1  line  of  force,  there  are  l-n-  tines  of  force  which  (m<n\(iir 
from  ttie  unit  pole.  Therefore,,  a  pole,  the  strcnr/tli  of  which 
is  m,  sends  out  lirni  lines  of  foree. 

364.  A  Uniform  Magnetic  Field.  AVe  liave  seen  lliat  tiom 
an  isolated  magnetic  i)ole  the  lines  of  foree  diverge  in  all  direc- 
tions, and  in  the  neighl)orhood  of  an  actual  magnet  having  tAVO 
poles  the  lines  of  force  pass  in  great  curves  from  the  north  to 
the  soutli  pole.  In  such  a  field  of  force  the  direction  as  well  as 
tlie  intensity  of  the  fichl  is  continually  changing.  If  we  could 
eonie  into  a  region  where  the  direction  and  the  intensity  of  the 
field  do  not  cliange,  that  is,  wliere  tlie  lines  of  force  are  straight, 
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equidistant,  and  parallel, 
Fig.  234,  we  should  have 
a  field  of  force  which  is 
uniform  througliout.  A 
uniform  field  of  force, 
therefore,  is  a  field  in 
which  the  lines  of  force 
are  straight,  equidistant, 
and  parallel.  In  the  near 
neighborhood  of  poles  or 
magnets,  it  is  impossible 
to  find  a  uniform  field. 
365.  Moment  of  the  Couple  Tending  to  Turn  a  Magnetic 
Needle.  AVhen  a  magnetic  needle  is  placed  at  right  angles  to 
the  lines  of  force  in  a  magnetic  field,  it  is  acted  upon  by  a  couple 
tending  to  turn  tlie  needle  parallel  to  the  lines  of  force  of  the 
field.  If  H  is  the  intensity  of  the  field  and  m  the  strength  of 
pole  of  the  needle,  the  force  acting  on  each  end  of  the  needle  is 


Fig.  2.34.     A  imiform  magnetic  field. 


Hm. 


If  the  length  of  the  needle  is  I,  the  moment  of  the  couple  tend- 
ing to  turn  the  needle  is 
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A  couple  acts  upon  a  mai 
netic  needle. 
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Fig.    2.30.     A    magnetic    needle   turns 
under  the   action  of  a   couple. 
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If  the  needle  makes  au  angle  0  with  the  lines  of  force  of  the 
liekl,  the  moment  of  the  couple  tending  to  turn  the  needle  par- 
allel to  the  lines  of  force  is  still  the  product  of  one  of  the  forces 
and  the  perpendicular  distance  between  them.  Tlie  perpen- 
dicular distance  between  the  forces  in  this  case  is 

I  sin  6, 

therefore,  the  amount  of  the  couple  tending  to  turn  the  needle  is 

IIiiil  sin  e. 

If 

that  is,  if  the  magnetic  needle  is  placed  at  right  angles  to  the 
lines  of  force,  tliis  expression  reduces  to  the  one  above. 

366.  The  Magnetic  Shell.  A  magnetic  sliell  may  bo  defined 
as  a  very  great  number  of  very  short  magnets  arranged  side  by 
side  like  the  cells  in  a  lioney-coml).  The  effect  of  this  assemblage 
of  short  magnets  wotdd  l)e  to  produce  a  magnetic  sheet,  one 
surface  of  Avhich  is  composed  entirely  of  tlie  north  poles  of  the 
little  magnets,  wliih'  tlie  other  surface  is  composed  entirely  of 
the  south  poles.  "When  we  attempt  to  magnetize  a  tliin  sheet  of 
steel  so  that  one  entire  surface  is  a  great  north  i)ole  while  the 
other  surface  is  a  great  south  pole,  we  find  tliat  tliis  arrange- 
ment is  vinstable.  hence  it  is  im])Ossib](>  to  produce  a  magnetic 
shell  in  this  sense. 

As  i-egards  its  external  field  of  foi'ce,  liowever,  the  magnetic 
slie]].  which  can  have  no  actual  existence,  may  lie  replaced  by 
a  circular  coil  of  wire  through  whicli  a  current  of  electricity  is 
flowing.  As  will  lie  shown  later,  the  field  of  force  aliout  such 
a  circular  current  is  iiideiitical  with  that  wliicli  would  be  pro- 
<luced  al)()Ut   tlie   ideal   magnetic  shell.      Accordingly,   a   circular 
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current  may  in  every 
done  in  the  diagrams 
0)1  equivalent  magncii 
eular  currents  in  the 
magnetic  shell  a  place 
The  strength  of  the 
per  unit  of  surface,  th 
face  multiplied  hy  the 
netization  nuiltiplied  1 


instance  replace  a  magnetic  shell,  as  was 

herewith  given,  and  is  therefore  called 

c  ithell.     The  frequent  occurrence  of  cir- 

further  study  of  electricity  gives  to  the 

of  great  importance. 

shell  is  defined  as  tJie  magnetic  moment 
at  is,  the  strength  of  pole  ]^or  unit  of  sur- 
thickness,  or  the  surface  density  of  mag- 
V  the  thickness. 


1^ 


367.  The  Mutual  Action  Between  a  Magnet  and  a  Magnetic 
Shell.     If  we  imagine  ourselves  to  be  looking  at  the  edge  of 

a  magnetic  shell,  Ave  shall  then  be 
able  to  map  out  the  field  of  force 
about  this  shell,  and  this  field  will 
be  found,  Fig.  237,  to  be  the  same 
as  that  about  a  very  short  magnet 
with  very  broad  poles.  If  the  north 
pole  of  a  magnet  is  now  brought 
near  the  south  pole  of  the  magnetic 
shell.  Fig.  238,  the  lines  of  force  of 
the  magnet  will  pass  into  the  south 
pole  of  the  magnetic  shell,  then  out 
from  the  north  pole  of  the  shell 
around  through  the  air  to  the  south 
pole  of  the  magnet,  thus  completing  the  circuit.  The  magnet 
and  the  magnetic  shell  are  now  bound  together  by  the  lines  of 
force  due  to  both,  and  these,  as  they  tend  to  contract,  draw  the 
two  together. 

It  is  important  to  observe  that  the  magnetic  shell  will  move  in 
such  a  way  that  the  greatest  possible  inimber  of  lines  of  force  will 
pass  through  it,  that  is,  in  this  case,  the  shell  will  move  in  such 
a  way  as  to  inelude  not  only  its  own  lines  of  force  Imt  also  those 
due  to  the  magnet  as  well.  If,  however,  the  north  pole  of  the 
magnet  is  approached  to  the  north  pole  of  the  magnetic  shell, 
Fig  239,  the  lines  of  force  from  these  two  sources  will  repel 
each  other,  and  this  will  cause  the  magnetic  shell  and  the  mag- 
net mutually  to  repel  each  other.     In  other  words,  the  number 


Fig.  2.S7.  The  field  of  force 
about  an  equivalent  mag- 
netic   slicll. 
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Of  lines  of  force  now  passing  through  tlie  shell  is  a  minimum 
Moreover,  if  the  magnetic  shell  is  free  to  move,  it  will  mov  Try 
from  the  magnet  and  turn  around  so  as  to  present  its  solth 
PC  e  to  the  north  pole  of  the  magnet,  and  then  a«"  Hon  letwen 
the  two  w„.  oeenr  as  ...fore.    In  other  words,  if  the  like  JoTes 
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;;«■  t/t  ^i'®  "^'■^'^  pole  of  a  mag- 
net attract.s  the  south  pole  of  a 
magnetic  shell.  ^ 


Fig.  239.  The  north  pole  of  a  mag- 
net repels  the  north  pole  of  a 
magnetic  shell. 


are  together  the  magnetic  shell  cannot  include  the  lines  of  force 
of  tJie  magnet  because  these  are  repelled  br  the  lines  of  force 
of  the  3hell.  The  shell,  therefore,  if  it  is  free  to  move,  will  tu™ 
Itself  around  so  that  its  south  pole  will  approach  as  noarTs 
possible  to  the  north  pole  of  the  magnet,  that  is,  so  thi  the 
greatest  possible  number  of  lines  of  force  may  pass  through  it 
An  extension  of  this  principle  to  other  eases  gives  rise  to  the 
foUowing  verj-  general  and  very  important  law:  A  llJX 

m  that  field  m  such  a  umj  as  to  include  wUhiu  its  area  the 
greatest  possMe  nu,nl>rr  of  lines  of  force.  Even  this  great  law 
however,  is  but  a  special  case  of  the  still  greater  law,  previously' 
mentioned  (p.  122).  which  is  of  the  very  widest  application  L 
al  branches  of  ph.ysics,  namely:  that  if  the  parts  of  any  system 
wha  ever  are  free  to  move,  they  will  move  in  such  a  way  that  the 
resulting  potential  energy  between  these  parts  will  be  a  mini- 
mum. In  the  present  instance,  the  magnetic  shell  and  the  mag- 
net possess  a  mutual  potential  energy  so  long  as  the  two  attract 
each  other  and  are  not  in  contact.  As  soon,  however,  as  they 
move,  the  mutual  potential  energy  which  they  possessed  in  their 
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separated  positions  becomes  kinetic,  and  they  are  able  to  do 
work  in  virtue  of  the  motion  with  respect  to  each  other.  When 
one  pole  of  the  magnetic  shell  is  in  contact  with  the  opposite 
pole  of  the  magnet,  no  further  motion  is  possible,  and  therefore 
the  store  of  potential  energy  beteween  these  two  is  reduced  to 
zero,  and  the  two  are  in  the  position  of  maximum  stability.  In 
obedience  to  the  general  law,  accordingly,  the  parts  of  this 
system  move  in  such  a  ivay  that  the  potential  energy  between 
the  two  becomes  a  minimwrn. 


CHAPTER  XXIX. 

.  MAGNETIC  INDUCTION. 

368.  Magnetic  Induction.  In  a  previous  chapter  (p.  410;, 
we  have  seen  reason  to  believe  that  an  unmagnetized  bar  of 
iron  or  steel  consists  of  molecules,  each  completely  magnetized 
and  having  a  north  and  a  south  pole  of  its  own,  but  forming 
molecular  groups  among  themselves  in  obedience  to  their  mutual 
polar  attractions.  The  process  of  magnetization  consists,  then, 
not  in  magnetizing  the  molecules,  for  these  are  already  mag- 
netized, but  in  destroying  these  molecular  groups,  and  com- 
pelling the  molecules  to  assume  an  orderly  direction. 

We  understand  now  that  if  each  molecule  is  a  complete  mag- 
net, it  must  be  surrounded  by  a  tiny  molecular  field  of  its  own ; 
and  as  the  molecules  arrange  themselves  into  groups,  these 
molecular  magnetic  fields  must  have  all  possible  directions,  and 
thus  produce  no  resultant  effect.  If,  however,  we  bring  another 
magnet,  or  a  magnetic  field  from  some  other  source,  near  this 
unmagnetized  bar  of  iron,  we  introduce  into  the  latter  the  mag- 
netic field  which  we  thus  bring  up.  The  presence  of  the  mag- 
netic field  which  we  thus  introduce  into  this  bar  of  iron  com- 
pels the  molecules  of  the  bar  to  set  themselves  parallel  to  the 
lines  of  force  of  this  field.  In  other  words,  the  presence  in  the 
bar  of  this  extraneous  field,  causes  the  molecules  of  the  bar  to 
arrange  themselves  so  that  their  own  molecular  fields  coincide 
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in  direction,  and  produce  a  resultant  field  in  the  iron  parallel 
to  the  lines  of  force  of  the  field  which  is  thus  introduced. 

By  this  process,  which  is  known  as  induction,  the  bar  of 
iron  becomes  magnetized  simply  by  bringing  it  into  the  presence 
of  a  magnetic  field  from  some  other  source.  In  all  instances 
of  the  attraction  of  iron  by  a  magnet,  the  magnetization  of  the 
iron  by  induction  must  j^recede  the  attraction. 

369.  The  Permeability  of  Iron.  "When  a  bar  of  iron  is  niag- 
r.etized  by  induction,  it  is  obvious  that  there  are  within  the 
iron  two  sets  of  lines  of  force,  one  due  to  the  outside  field,  which 
thus  compelled  the  iron  to  become  magnetic,  and  the  other  due 
to  the  lines  of  magnetization  of  the  iron  (p.  423)  from  the  fact 
that  the  iron  itself  is  now  a  magnet.  These  two  independent 
sets  of  lines  of  force,  taken  collectively,  represent  the  total  num- 
her  of  lines  of  force  within  the  iron,  and  are  known  as  the  lines 
of  induction:  Accordingly,  the  number  of  lines  of  induction 
which  pass  through  the  iron  is  enormously  greater  than  is  the 
number  of  lines  of  force  from  the  outside  field  which  would 
have  passed  through  the  same  space,,  if  the  latter  had  been  filled 
with  air  instead  of  iron.  This  is  expressed  by  saying  that 
the  iron  has  greater  pcrmcahility  than  air,  where  permeability 
is  defined  as  the  ratio  of  the  number  of  lines  of  induction  per 
square  centimeter  which  pass  through  the  iron  to  the  number 
of  lines  of  force  per  square  centimeter  which  would  pass  through 
the  air,  if  the  same  space  were  filled  with  air  instead  of  iron. 
Thus,  if  H  denotes  the  intensity  of  the  field  in  gausses  (p.  427), 
that  is,  the  number  of  lines  of  force  per  square  centimeter  when 
a  certain  space  is  filled  with  air,  and  B  denotes  the  number  of 
lines  of  induction  per  square  centimeter  when  this  space  is 
filled  with  iron,  the  ratio  of  B  to  11  denotes  the  permealnlity  jtt. 
Accordingly, 

/>' 

// 

The  permeability  of  iron  varies  witli  the  quality  of  tlie  iron 
and  with  the  degree  of  magnetization.  For  a  good  quality  of 
wrought  iron,  a  magnetizing  force  that  will  develop  50  lines  of 
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force  per  square  centimeter  in  a  space  filled  with  air  will  de- 
velop about  16,000  lines  of  induction  per  square  centimeter  if 
this  space  is  filled  with  iron.     In  this  case  /x  is  about  320. 

370.  Conductivity  of  Iron  for  Lines  of  Force.  A  juece  of 
iron  which  is  magnetized  by  induction  becomes,  as  we  have  seen, 
a  complete  magnet  with  an  independent  magnetic  field  of  its 
own.  When,  however,  we  bring  a  piece  of  soft  iron  into  the 
magnetic  field  of  a  permanent  magnet,  and  scatter  iron  filings 
upon  a  piece  of  glass  which  may  be  laid  over  both,  we  find  two 
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Ftg.  240.     A  piece  of  soft  irou  is  apparently  a  good  coiuluctor  for  lines  of  force. 

surprising  facts  from  a  study  of  the  iron-filing  pattern  pro- 
duced. First,  that  the  soft  iron  does  not  have  about  it  the 
normal  magnetic  field  Avhieh  we  have  learned  (p.  424)  exists 
about  a  magnet;  and,  second,  that  the  field  of  force  of  the  per- 
manent magnet  is  strangely  distorted,  the  lines  of  force  appar- 
ently being  deviated  so  as  to  flow  into  the  soft  iron  at  one  end. 
and  out  at  the  other,  having  thus  passed  entirely  through  the 
iron,  as  may  be  seen  in  Fig.  240.  This  phenomenon  has  led 
to  the  belief  that  the  soft  iron  is  a  good  conductor  for  lines  of 
force,  and  that  these  lines  Avill  thus  deviate  from  their  normal 
course  in  order  to  pass  through  the  iron,  which,  for  them,  is  a 
better  conducting  medium  than  air. 

A  few  minutes'  reflection,  however,  will  show  that  this  efifect 
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is  only  apparent  and  is  really  clue  to  another  cause,  although 
its  conception  is  so  convenient  and  helpful  that  we  constantly 
refer  to  the  idea  of  the  great  conductivity  of  iron  for  lines  of 
force.  In  the  crude  diagram,  Fig.  241,  the  curved  lines  A,  B, 
C,  D,  E,  represent  the  lines  of  force  in  the  normal  magnetic  field 
about  the  permanent  magnet  .V  ^S',  while.  N'  S-'  represents  a  piece 
of  soft  iron  in. the  field  of  this  magnet.  Certain  of  the  lines  of 
force  from  .V  aS',  represented  by  B  in  the  diagram,  will  pass 
through  the  soft  iron,  thus  causing  the  latter  to  become  a  magnet 
by  induction.  The  end  of  the  soft  iron  into  which  these  lines 
of  force  pass  becomes  a  south  pole,  and  the  end  from  which 
they  leave  becomes  a  north  pole ;  so  that  the  soft  iron  becomes 
a  complete  magnet  with  poles  N'  S'  of  its  own,  and  its  OAvn 
magnetic  field,  represented  by  the  lines  of  force  F  and  G. 


Fic.  241.     A  piece  of  soft  irou  niag 
nctized   b.v  induction. 


Tig.  242.  Tlie  resultant  field,  show- 
ing apparent  conductivity  of  soft 
iron  for  lines  of  force. 


Such,  indeed,  would  be  the  two  fields  of  force,  Avhich  actually 
exist,  were  it  not  for  the  fact  that  certain  properties  of  lines  of 
force  necessitate  the  union  of  several  separate  fields  into  one 
resultant  field.  We  have  learned  (p.  424)  ^that  lines  of  force 
Avhicli  are  parallel  and  in  the  same  direction  will  repel  one  an- 
other laterally,  while  lines  of  force  whicli  are  parallel  and  in 
opposite  directions  attract  and  neutralize  one  another.  Both 
of  these  properties  of  lines  of  force  find  illustration  in  our  dia- 
grams. In  Fig.  241,  and  in  every  diagram  of  a  magnetic  field, 
the  lines  of  force,  represented  by  A,  B,  C,  D,  E,  which  are  of 
necessity  near  together  as  they  enter  and  leave  tte  magnet,  are 
much  farther  apart  opposite  the  central  portion  of  the  magnet, 
due  to  the  mutual  repulsion  of  lines  of  force  which  are  parallel 
and  in  the  same  direction.     ^Moreover,  the  lines  A  and  F,  and 
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also  the  lines  C  and  G,  being  parallel  and  in  opposite  directions 
for  the  central  portions  of  their  paths,  attract  and  neutralize 
each  other,  and  therefore  disappear  from  tliis  part  of  the  field. 
Furthermore,  as  lines  of  force  must  always  be  closed  curves,  and 
as  they  always  tend  to  contract,  the  ends  of  the  lines  A  and 
F,  and  also  the  ends  of  the  lines  C  and  G,  unite  when  their  cen- 
tral portions  disappear,  thus  giving  the  resultant  field,  shown 
rouglily  in  Fig.  242. 

From  this  it  is  evident  that  the  lines  of  force  from  the  north 
pole  of  the  magnet  NS  deviate  from  their  normal  path  and 
crowd  in  great  numbers  into  the  nearer  end  of  the  soft  iron.  It 
is  likewise  evident  that  these  lines  of  force  pass,  apparently 
with  great  freedom,  through  the  iron,  and  emerge  from  the  re- 
mote end  to  continue  their  course  through  the  air  to  the  mag- 
net's soutii  pole.  Indeed,  the  soft  iron  does  actually  carry  not 
only  the  lines  of  force  of  the  field  in  which  it  is  placed,  but  also 
its  OAvn  lines  of  force,  due  to  the  fact  that  it  itself  has  now  be- 
come a  magnet  by  induction.  Though  the  effect  is  only  appar- 
ent, it  is,  however,  correct  in  every  way  to  speak,  in  this  sense, 
of  soft  iron  as  being  a  good  conductor  of  lines  of  force,  and  of 
.lines  of  force  in  a  magnetic  field  as  deviating  from  their  normal 
path  in  order  to  pass  through  a  piece  of  soft  iron  that  may  be 
present  in  the  field. 

The   central  portion  of  the   line   C  having  disappeared,  this 
line  no  longer  repels  the  line  D,  so  that  the  central  portion  of 

the  latter  line  bends 
down  towards  the 
magnet,  being  re- 
pelled by  E,  while 
this  line  is  likewise 
bent  downward  by 
the  repulsion  of  lines 
still  farther  above, 
and  so  on. 

A  similar  instance 
of  tlie  distortion  of 
the  field,  and  of  the 
apparent  eonductiv- 


Fig. 


243.     Magnetic  induction — Apparent  conductiv- 
ity  of  soft   iron   for   lines   of  force. 
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ity  of  soft  iron  for  lines  of  force,  may  be  seen  in  Fig.  243,  where 
the  soft  iron  is  placed  near  the  end  of  the  permanent  magnet. 

371.  Magnetic  Shielding.  The  conclusions  reached  in  the 
last  paragraph  show  that  the  field  of  an  induced  magnet  to  some 
extent  neturalizes  and  therefore  weakens  portions  of  the  mag- 
netic field  in  which  it  is  placed.  Advantage  has  been  taken  of 
this  weakening  of  the  field,  due  to  the  presence  of  the  soft  iron, 
to  produce  the  effect  known  as  magnetic  sJiielding.  Since  the 
results  of  this  weakening  are  in  every  way  the  same  as  if  the 
iron  were  a  better  conductor  than  air  for  lines  of  force,  we  en- 


FiG.    244.     The    principle    of    magnetic    shielding. 

deavor  to  suiTOund  by  soft  iron  the  region  to  be  shielded,  so 
that  the  lines  of  force  from  an  external  magnetic  field  will  pass 
through  the  iron  rather  than  through  the  shielded  region. 

Thus,  Fig.  244,  if  a  hollow  cylinder  of  soft  iron  is  placed 
in  a  magnetic  field,  the  lines  of  force  of  the  field  will  enter  the 
iron  on  one  side,  and  after  passing  through  the  iron  will  leave 
from  the  other,  thus  almost  completely  shielding  the  inner 
region  from  the  presence  of  lines  of  force.  For  the  same  reason, 
watches,  which  have  to  be  carried  near  dynamos  or  strong  elec- 
tromagnets, and  which  would  be  injured  if  magnetized,  are 
provided  with  so-called  magnetic  shields,  which  are  simply  heavy 
cases  of  soft  iron. 


CHAPTER  XXX. 

THE  EARTH'S  MAGNETIC  FIELD. 

372,  The  Earth's  Magnetic  Field.  Whenever  a  magnet  is 
suspended  so  as  to  turn  freely  in  a  horizontal  plane  near  the 
surface  of  the  earth,  it  is  acted  upon  by  a  force  which  causes  it 
to  point  north  and  south.  In  other  words,  there  is  a  magnetic 
field  of  force  all  about  the  earth,  the  lines  of  force  of  this  field 
having  a  general  north  and  south  direction.  The  earth  itself, 
therefore,  must  be  regarded  as  a  great  magnet  having  its  south 
pole  located  somewhere  in  the  northern  hemisphere  and  its  north 
pole  located  somewhere  in  the  southern  hemisphere.  This  is  the 
inference  that  must  be  drawn  as  to  the  nature  of  the  poles  of 
the  earth  if  we  assume,  as  is  done  in  all  English-speaking  coun- 
tries, that  the  north  pole  of  a  magnetic  needle  is  the  end  which 
points  north,  and  that  unlike  poles  attract  each  other.  The 
lines  of  force  in  the  earth's  magnetic  field  proceed,  therefore, 
from  the  earth's  magnetic  north  pole  in  the  southern  hemi- 
sphere, and  pass  in  great  curves  of  lines  of  force  about  the  earth 
and  enter  the  magnetic  south  pole  in  the  northern  hemisphere. 

373.  The  Dip  or  Inclination  of  the  Needle.  We  can  ascer- 
tain the  direction  of  the  lines  of  force  at  any  point  in  the  earth's 
magnetic  field  by  employing  the  device  known  as  the  dipping 
needle.  The  dipping  needle  consists  of  a  magnetic  needle 
mounted  so  as  to  turn  freely  in  every  direction,  that  is,  so  as  to 
move  in  a  vertical  as  well  as  in  a  horizontal  plane.  We  know 
that  a  magnetic  needle  in  a  field  of  force  will  set  itself  parallel 
to  the  lines  of  force,  and  will  lie  in  such  a  direction  that  the 
lines  of  force  of  the  field  will  enter  the  south  pole  and  flow  out 
from  the  north  pole,  after  passing  the  whole  length  of  the 
needle.  When  such  a  needle  is  mounted  in  the  earth's  mag- 
netic field  in  the  latitude  of  Madison  it  is  found  that  the  north 
pole  dips  downward,  the  needle  itself  making  an  angle  of  about 
74°  with  the  horizontal,  from  which  we  conclude,  that  the  lines 
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of  force  of  the  earth's  field  at  this  point  are  not  horizontal  but 
are  inclined  at  an  angle  of  74°  to  the  surface  of  the  earth.  This 
angle  which  the  dipping  needle  makes  with  the  horizontal,  that 
is,  the  angle  at  which  the  lines  of  force  of  the  earth's  field  are 
inclined  to  the  surface  of  the  earth,  is  called  the  dip,  or  inclin- 
ation,  of  the  needle. 

It  is,  of  course,  obvious  that  as  the  dipping  needle  is  carried 
farther  to  the  north,  the  angle  of  dip  will  increase,  and  as  it 
is  carried  farther  to  the  south,  this  angle  will  decrease.  It  is  the 
dipping  needle,  therefore,  that  enables  us  to  determine  the  lo- 
cation of  the  magnetic  poles  of  the  earth,  because  at  the  mag- 
netic poles  the  lines  of  force  are  vertical.  It  remains,  there- 
fore, simply  to  carry  the  dipping  needle  over  the  surface  of  the 
earth  until  a  point  is  found  where  the  angle  of  dip  is  90°,  that 
is,  where  the  dipping  needle  stands  vertically.  In  this  way  Sir 
John  Ross,  in  1831,  found  the  north  magnetic  pole  to  be,  not  at 
the  geographical  north  pole,  but  in  Lat.  70°  5'  N..  Long.  96°  33' 
W.,  that  is,  at  a  point  between  Hudson's  Bay  and  Bafiin's  Bay. 
Strangely  enough,  the  south  magnetic  pole,  as  found  by  Sir 
Ernest  Shackleton  in  1909,  is  not  at  a  point  diametrically 
through  the  earth,  but  is  located  in  South  Victoria  Land,  Lat. 
72°  25'  S.,  Long.  154°  E.,  only  110°  of  longitude  west  of  the 
north  magnetic  pole.  The  magnetic  equator  is  the  somewhat 
irregular  line  extending  around  the  earth,  sometimes  in  the 
northern  hemisphere  and  sometimes  in  the  southern,  where  the 
angle  of  dip  is  zero,  that  is,  where  the  dipping  needle  lies 
horizontal. 

The  earth's  lines  of  force,  as  we  detect  them  near  the  surface 
are  really  portions!  of  great  curves  extending  from  the  mag- 
netic north  pole  in  the  southern  hemisphere  to  the  magnetic 
south  pole  north  of  Hudson's  Bay.  For  a  limited  region,  how- 
ever, such  as  a  room  or  a  laboratory,  these  lines  of  force,  which 
are  very  short  lengths  of  very  great  curves,  may  be  considered 
as  straight,  equidistant,  and  parallel,  and  therefore  produce  a 
uniform  field  (p.  430).  The  earth's  field  is  thus  regarded  as 
a  uniform  field  of  force,  although  in  modem  steel-constructed 
buildings,  with  pipes  of  iron  for  gas,  water,  and  steam,  the 
uniform  field  of  the  earth  is  sadly  distorted. 
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Measurements  of  the  intensity  of  the  earth's  field  show  that  a 
unit  pole  placed  in  this  field  would  be  acted  upon  by  about  half 
a  dyne  of  force.  In  other  words,  we  may  think  of  one  line  of 
force  passing  through  about  every  two  square  centimeters  of 
area,  this  area  being  taken  perpendicular  to  the  direction  of  the 
lines  of  force.  The  earth's  field,  therefore,  is  relatively  a  very 
weak  field. 

374.  The  Horizontal  Intensity  of  the  Earth's  Magnetic  Field. 
If  we  represent  by  a  line  the  intensity  as  well  as  the  direction 
I  of  the  earth 's  magnetic  field,  we  may  resolve  this  total  intensity 
into  two  components.  Fig.  245,  one  vertical  and  the  other  hori- 
j_l  zontal.     The   horizontal    intensity   of   the   earth's 

magnetic  field,  therefore,  is  the  component  of  the 
,    total  intensity  of  the  earth's  field  which  lies  in  a 
horizontal  direction.     It  is  only  the  horizontal  com- 
,        ponent  of  the  earth's  magnetism  that  is  effective  in 
causing  the   magnetic  needle  to  point  north  and 
south,  and  hence  this  is  the  element  with  which  we 
most  frequently  have  to  deal.     The  vertical  eom- 
^     o.r    m^      ponent  tends  to  cause  the  needle  to  dip  ;  but  in  the 

Fig.  245.    The      ^  . 

horizontal     ordinary  magnetic  needle,  which  can  move  only  m 

intensity.  ./  o  ' 

a  horizontal  plane,  this  dipping  motion  is  prevented 
by  the  action  of  the  pivot  upon  which  the  needle  turns.  The 
horizontal  intensity  is  always  denoted  by  H. 

375.  The  Declination  of  the  Magnetic  Needle.  The  IMag- 
netic  meridian  at  any  place  on  the  earth 's  surface  is  the  vertical 
plane  at  that  place  lying  in  such  a  direction  as  to  contain  the 
axis  of  the  magnetic  needle.  Accordingly,  the  magnetic  me- 
ridian at  any  place  is  the  vertical  plane  parallel  to  the  lines  of 
force  at  that  place. 

Since  the  earth's  magnetic  pole  located  in  the  northern  hemi- 
sphere is  not  at  the  geographical  north  pole  of  the  earth,  the 
magnetic  needles  all  over  the  earth,  in  pointing  to  the  magnetic 
pole,  point  more  or  less  exactly  to  this  region  north  of  Hudson's 
Bay  and  not  to  the  true  geographical  pole.  At  any  place,  the 
deviation  which  the  magnetic  needle  makes  with  the  true  north 
and   south    direction,    that    is,   the    deviation    of  the   magnetic 
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meridian  at  any  place  from  tlie  geographical  meridian,  is  called 
the  declination  of  the  needle. 

At  certain  places  on  the  earth,  the  magnetic  needle,  in  point- 
ing to  the  magnetic  pole  of  the  earth,  points  also  to  the  geo- 
graphical pole,  and  a  line  connecting  these  places  is  called  the 
agonic  line,  or  line  of  no  declination.  Such  a  line  extends  south- 
ward from  the  magnetic  pole,  and  after  running  in  a  somewhat 
irregular  course  through  IMichigan,  Ohio,  and  Kentucky, 
finally  passes  out  into  the  Atlantic  Ocean  not  far  from 
Charleston,  South  Carolina.  Everywhere  along  this  line  the 
magnetic  meridian  coincides  with  the  geographical  meridian, 
and  the  magnetic  needle  points  north.  To  the  east  of  this  line 
the  magnetic  needle,  in  pointing  to  the  magnetic  pole  of  the 
earth,  points  west  of  the  true  north  and  south  direction,  and 
to  the  west  of  this  line,  for  the  same  reason,  the  magnetic 
needle  points  somewhat  to  the  east  of  the  north  and  south  di- 
rection. For  all  places,  therefore,  east  of  the  agonic  line  the 
declination  is  west,  and,  similarly,  for  all  places  west  of  this 
line  the  declination  is  east.  Across  the  United  States  the  de- 
clination varies  from  about  24°  west  in  the  extreme  eastern  part 
of  Maine  to  23°  east  on  the  coast  of  the  state  of  Washington? 

The  dip  of  the  needle,  the  declination  of  the  needle,  and  the 
intensity  of  the  earth's  field,  arc  called  flic  three  elements  of 
the  earth's  magnetism.  Inasmuch  as  the  total  intensity  of  the 
earth 's[  field  is  difficult  to  determine  directly,  this  is  usually 
calculated  from  the  angle  of  dip  and  the  horizontal  intensity, 
since  both  of  these  quantities  admit  of  ready  measurement. 

376.  Chang-es  in  the  Earth's  Magnetic  Condition.     One  ve 

markable  phenomenon  in  connection  witli  the  earth's  magne- 
tism is  the  fact  that  all  of  the  elements  are  undergoing  change. 
Even  the  magnetic  pole  and  the  line  of  no  declination  are  sIoAvly 
shifting.  To  these  changes  there  seems  to  be  a  daily  period  and 
also  a  period  lasting  twenty-eight  days.  ]\Toreover,  the  magnetic 
conditions  very  nearly  repeat  themselves  every  year,  and  again 
every  eleven  years,  so  that  there  is  a  yearly  period  and  a  period 
lasting  eleven  years,  as  well  as  a  cycle  which  requires  centuries 
to  complete.     In  addition  to  these  periodic  variations  there  are 
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frequent  and  sudden  irre^lar  and  violent  changes  which  are 
called  magnetic  storms. 

While  nothing  is  known  as  to  the  origin  of  the  earth's  mag- 
netism or  of  the  changes  which  this  is  continually  undergoing, 
the  remarkable  fact  remains  that  these  periodic  variations,  as 
well  as  the  irregular  disturbances,  or  magnetic  storms  agree  pre- 
cisely in  point  of  time  with  occurrences  taking  place  upon  the 
sun.  The  twenty-eight-day  period  of  magnetic  changes  coin- 
cides with  the  time  of  rotation  of  the  sun  upon  its  axis,  and  the 
eleven-year  period  is  the  same  as  the  eleven-year  period  of  the 
recurrence  of  sun  spots.  Magnetic  storms  invariably  occur  after 
an  unusual  outburst  upon  the  sun,  or  the  sudden  appearance  of 
a  large  spotted  region.  Moreover,  tliese  in-egular  and  violent 
magnetic  disturbances  are  almost  always  accompanied  by  an 
unusual  display  of  the  aurora  borealis,  or  northern  lights. 


Fig.  '24G.    The  Antarctic  auroral  curtain— By  permission  of  tlie  Royal  Society. 
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377.  Diamagnetism.  xVs  regards  their  magnetic  proi)erties, 
all  substances  may  be  divided  into  two  classes.  Bodies  like  iron, 
nickel,  cobalt,  chromium,  and  many  others,  which  are  attracted 
by  a  magnet,  and  which  tend  to  move  from  the  weaker  into  the 
stronger  parts  of  a  field  which  is  not  uniform,  setting  them- 
selves parallel  to  the  lines  of  force  of  this  field,  are  called  para- 
magnetic, or  simply  magnetic.  Other  bodies,  of  which  bismuth 
is  the  great  type,  which  are  apparently  repelled  by  a  magnet, 
and  which  tend  to  move  from  the  stronger  into  the  weaker  parts 
of  a  field  which  is  not  uniform,  thus  setting  themselves  at  right 
angles  to  the  lines  of  force  of  this  field,  are  called  diamagnetic. 
If  a  bar  of  bismuth  is  suspended  by  a  silk  fiber  in  the  intense 
magnetic  field  between  the  poles  of  a  large  magnet,  it 
will  be  seen  to  set  itself  at  right  angles  to  the  lines  of  force  of 
the  field.  This  phenomenon  was  once  thought  to  be  due  to  the 
fact  that  bismuth  is  repelled  by  a  magnet,  but  later  investigation 
has  sliown  that  this  effect  is  undoubtedly  due  to  another  cause. 

378.  Theory  of  Diamag-netism.  When  Ave  reniondxT  th- 1 
lines  of  force  flow  from  the  north  pole  of  a  magnet  to  the  south 
pole  ordinarily  through  the  ether,  and  that  iron  offers  a  far 
better  conductor  for  lines  of  force,  we  may  also  conceive  of  there 
being  other  substances  through  which  lines  of  force  Avill  flow 
with  greater  difficulty  than  through  the  ether.  If  we  then  as- 
sume that  the  ether  is  a  conductor  for  lines  of  force  wliich  is 
ever  present  and  in  which  all  other  bodies  are  immersed,  we  see 
that  whenever  a  substance  is  placed  between  the  poles  of  a 
magnet  the  lines  of  force  have  the  choice  of  two  paths,  one 
through  the  body  and  the  other  through  the  surrounding  ether. 
If  the  body  is  like  iron  and  proves  to  be  a  better  conductor  for 
lines  of  force  than  the  ether,  the  substance  will,  so  to  speak, 


446 


DIAMAGNETISM. 


crowd  the  ether  out  of  the  way,  and  set  itself  with  its  longest 
axis  parallel  to  the  lines  of  force,  so  that  the  lines  of  force  may 
pass  as  far  as  possible  through  it.  Substances  like  iron,  there- 
fore, which  conduct  lines  of  force  better  than  the  ether  in  which 
they  are  placed  are  called  magnetic.  "When,  how^ever,  a  sub- 
stance like  bismuth  sets  itself  with  its  longest  axis  at  right 
angles  to  tlie  lines  of  force,  we  believe  that  this  is  due  to  the  fact 
that  the  substance  is  a  poorer  conductor  for  lines  of  force  than 
the  surrounding  ether,  and  that  the  ether,  as  it  were,  crowds  this 
poorer  conductor  out  of  the  way,  so  that  the  lines  of  forces  may 
pass  the  smallest  possible  distance  in  it.  Substances,  therefore, 
like  bismuth,  which  do  not  offer  so  ready  a  path  for  lines  of 
force  as  the  ether,  are  called  diamagnetic.  In  other  words,  the 
permeability  (p.  435)  of  a  diamagnetic  substance  is  less  than 
that  of  air,  which  is  taken  as  unity.  The  relative  conductivity 
for  lines  of  force  of  iron  and  of  bismuth  is  shown  in  the  accom- 
panying diagrams.  Fig.  247  and  248. 


Fig    247.     A  spl  are  of  soft  iron  in  a     Fi'  i. 
uniform     magnetic     tield. 


2i8..     A    sphere   of   bismuth   in   a 

uiiil'oini    iuagni'tic   tiold. 


379.  Diamagnetic  Phenomeua.  This  theoiy  of  diamagnetism 
may  be  beautifully  illustrated  by  the  following  experiment.  If 
a  small  tube  containing  a  solution  of  sulphate  of  iron  is  sus- 
pended horizontally  between  the  poles  of  a  powerful  magnet, 
the  tube  will  set  itself  parallel  to  the  lines  of  force,  showing  that 
by  itself  it  is  magnetic.  If,  however,  this  is  immersed  in  a 
tank  containing  a  solution  of  the  chloride  of  iron,  which  is  more 
magnetic  than  the  sulphate,  the  little  tube  will  be  crowded  out 
of  its  former  position  by  the  more  magnetic  chloride  of  iron, 
and  will  set  itself  at  right  angles  to  the  lines  of  force,  showing 
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that  the  magnetic  sulphate  of  iron  behaves  like  a  diamagnetic 
body  when  it  is  immersed  in  a  fluid  more  magnetic  than  itself. 

If  a  soap-bubble  is  filled  with  oxygen  gas  and  placed  between 
the  poles  of  a  magnet,  the  bubble  will  be  elongated  in  the  direc- 
tion of  the  lines  of  force,  showing  that  oxygen  is  magnetic.  If 
the  same  experiment  is  tried  with  hydrogen,  the  bubble  will  be 
flattened  slightly  on  the  sides  nearest  the  poles,  proving  that 
hydrogen  is  diamagnetic.  A  better  .way  to  show  his  latter  fact 
is  to  send  a  stream  of  hydrogen,  made  visible  by  a  white  cloud 
of  ammonium  chloride,  between  the  poles  of  the  magnet.  The 
hydrogen,  being  a  poorer  conductor  of  lines  of  force  than  the 
ether,  will  be  crowded  aside  and  turned  out  of  the  field.  A 
candle  flame,  when  placed  between  the  poles  of  a  magnet,  is 
seen  to  be  depressed  as  if  blown  by  a  current  of  air.  This  shows 
that  a  flame  is  diamagnetic  and  is  pushed  aside  by  the  better 
conducting  medium  around  it. 

Particular  mention  must  be  made  of  the  fact  that  all  dia- 
magnetic phenomena  are  exceedingly  feeble  as  compared  with 
those  manifested  by  paramagnetic  substances. 
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GALVANIC  BATTERIES. 


380.  The  Need  of  Maintaining  a  Difference  of  Potential.  lu 
the  preeediug  pages  we  have  seen  that  when  two  bodies  at  dif- 
ferent potentials  are  connected  by  a  conductor,  electrons  flow 
from  the  one  at  lower  potential  towards  the  one  at  higher  po- 
tential. We  have  also  seen  that  this  flow,  which  continues  as 
long  as  there  is  a  difference  of  potential,  very  quickly  ceases,  in- 
asmuch as  the  two  bodies  soon  become  at  the  same  potential.  In 
the  early  days  of  the  science,  when  electricity  was  though  to  be 
a  fluid,  the  iiov7  or  passage  from  one  conductor  to  another  was 
called  the  electric  current;  and  in  modern  times,  although  the 
idea  of  a  fluid  is  no  longer  held,  the  word  current  is  still  re- 
tained, and  the  current  is  said  to  flow  through  a  conductor. 
Since  electricity  at  rest,  or  in  the  static  condition,  can  do  no^ 
work,  it  is  only  during  the  flow  of  the  current  that  energy  from 
this  source  can  be  obtained ;  hence  it  is  of  the  utmost  importance 
to  investigate  the  conditions  under  which  a  difference  of  poten- 
tial, after  being  created,  may  be  maintained  at  a  constant  value, 
even  w^hile  the  current  flows. 

When  a  conductor  unites  the  two  coatings  of  a  Leyden  jar, 
or  when  connection  is  made  between  a  charged  body  and  the 
earth,  a  flow  of  electrons  takes  place,  and  this,  in  every  sense  of 
the  word,  is  a  current.  This  flow  is  but  momentary,  or  con- 
sists at  most  of  but  a  few  surges  back  and  forth,  and  these  soon 
cease.  It  is  true  that  the  continuous  action  of  the  Holtz  machine 
maintains  one  of  the  conductors  at  high  potential  and  the  other 
at  low  potential,  so  that  if  these  are  connected,  electrons  flow 
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along  the  path  thus  provided.  But  since  the  machine  is  largely 
of  glass,  and  the  electrons  in  their  redistribution  must  flow  from 
points  off  upon  the  glass  plate  and  from  the  plate  again  to  the 
points,  the  internal  opposition  to  the  flow  is  so  great  that  the  rel- 
ative number  of  electrons  which  this  or  any  similar  device  is 
capable  thus  of  setting  in  motion  is  really  very  small.  Moreover, 
the  potentials  which  a  machine  of  this  kind  creates  are  enor- 
mously great,  which  makes  it  quite  impossil)le  sufficiently  to 
insulate  a  conductor  so  that  electrons  will  not  escape  to  neigh- 
boring bodies,  and,  by  ionizing  the  adjacent  air,  to  a  great  extent 
destroy  the  potentials  which  have  been  produced.  The  discov- 
ery, therefore,  made  by  Volta,  that  a  difference  of  potential  may 
not  only  be  produced,  but  maintained  for  long  periods  in  a  far 
simpler  and  more  effectual  way,  has  proved  to  be  of  great 
value  to  the  world. 

381.  Volta's  Discovery.  In  the  closing  years  of  the  eight- 
eenth century  the  Italian  physicist,  Volta,  found  that  a 
very  appreciable  difference  of  potential  may  be  produced  by 
placing  a  disc  of  zinc  upon  a  disc  of  copper,  then  a  disc  of  cloth 
moistened  with  salt  water  upon  th6  zinc,  then  another  disc  of 
copper,  and  upon  it  another  disc  of  zinc,  with  another  piece  of 
cloth  moistened  as  before  upon  the  zinc,  and  so  on  in  this  order, 
until  a  pile  of  considerable  height  is  obtained.  Indeed,  the  gold- 
leaf  electroscope  may  be  charged  simply  'by  touching  it  to  one 
end  of  the  pile  so  formed.  Moreover,  if  the  two  ends  of  the 
pile  are  now  connected,  electrons  will  be  found  to  flow  contin- 
uously through  the  conductor,  showing  not  only  that  a  differ- 
ence of  potential  is  prod^iced  by  the  pile,  but  that  the  action  of 
the  pile  is  such  that  this  difference  of  potential  is  maintained. 
Soon  after  this  discovery,  Galvani,  a  pupil  of  Volta,  showed  that 
the  essentials  for  the  production  and  maintenance  of  this  dif- 
ference of  potential  are  simply  two  dissimilar  metals  and  a  fluid 
that  acts  chemically  more  violently  upon  one  than  upon  the 
other.  It  is  in  the  discoveries  of  these  two  men  that  the  gal- 
vanic batter}''  cell  of  to-day  finds  its  origin. 

382.  The  Production  of  a  Difference  of  Potential.  If  a 
strip  of  copper  and  a  strip  of  zinc  are  dipped  into  a  dilute 
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acid,  such  as  sulphuric  acid,  they  are  found  at  once  to  be 
at  slightly  different  potentials,  due  to  the  difference  in  the 
chemical  action  of  the  acid  upon  the  two  metals.  The  differ- 
ences of  potential,  however,  which  can  thus  be  produced  by  chem- 
ical action  are  so  small  as  compared  with  those  which  we  have 
heretofore  considered,  that  a  means  of  detecting  them  has  been 
designed  which  is  far  more  sensitive  than  any  of  the  electroscopes 
previously  mentioned.  This  wonderfully  delicate  instrument, 
which  not  only  detects  differences  of  potentials  but  measures 
them,  is  known  as  the  quadrant  electrometer,  and  was  devised 
by  Sir  William  Thomson,  the  late  Lord  Kelvin. 

383.  The  Quadrant  Electrometer.  The  essential  features  of 
the  quadrant  electrometer  consist  of  certain  fixed  parts  called 
the  quadrants,  and  of  a  movable  part  called  the  needle.  The 
quadrants.  Fig.  249,  are  the  four  quarters  of  a  round,  flat,  hol- 
low brass  box,  slightly  sep- 
arated from  one  another 
and  mounted  upon  glass 
rods  for  insulation.  The 
opposite  diagonal  quad- 
rants are  connected  by  a 
fine  wire,  and  so  always 
remain  at  the  same  poten- 
tial. The  ''needle"  con- 
sists of  a  piece  of  thin 
aluminum  cut  into  a  shape 
somewhat  resembling  a 
dumb-bell,  or  the  figure  8. 
This  needle  is  hung  by  a 
very  delicate  thread  from 
the  upper  part  of  the  case,  and  swings  in  a  horizontal  plane 
exactly  in  the  center  of  the  four  quadrants.  A  wire 
hangs  vertically  downward  from  the  center  of  the  needle  and 
dips  into  a  cup  of  strong  sulphuric  acid  beneath.  A  charge  of 
electricity  which  may  be  given  to  this  acid  is  conducted  through 
the  wire  to  the  needle  above,  so  that  the  needle  is  charged  as 
it  swings  to  the  right  and  left  in  the  center  of  the  quadrants, 


Fig.    249.     The  quadrant  electrometei'. 
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turning  on  its  suspending  fiber  as  an  axis.  Indeed,  the  acitl  in 
this  cup  really  forms  the  inner  coating  of  a  Ley  den  jar  and  thus 
serves  the  double  purpose  of  charging  the  needle  from  the  store 
of  electricity  with  which  it  itself  is  charged,  and  also  of  keep- 
ing the  interior  of  the  instrument  dry;  for  the  sulphuric  acid 
very  readily  absorbs  the  moisture  which  would  otherwise  col- 
lect on  the  insulating  glass  supports  of  the  quadrants,  and  thus 
make  them  partial  conductors,-  A  small  mirror,  which  is  rigidly 
attached  to  the  needle  and  turns  with  it,  reflects  a  beam  of 
light,  so  that  the  motion  of  the  spot  of  light  serves  as  an  indi- 
cation of  the  movement  of  the  needle. 

If  both  pairs  of  quadrants  are  connected  with  the  ground, 
their  potentials  are  zero,  and  the  needle  is  neither  attracted  by 
one  pair  nor  repelled  by  the  other,  and  therefore  remains  at  zero. 
If,  however,  one  pair,  as,  for  instance.  A,  remains  connected 
with  the  ground  while  the  other  pair,  B,  is  connected  with  an 
electrified  body  as  a  source,  electrons  will  flow  either  to  these 
quadrants  or  away  from  them,  thus  giving  them  the  potential  of 
the  source.  The  quadrants  B,  now  being  electrically  charged, 
win  repel  or  attract  the  needle  according  as  the  charge  upon 
the  quadrants  is  of  the  same  or  opposite  sign  as  that  upon  the 
needle.  If  this  pair  of  quadrants  is  now  connected  with  a  body 
of  opposite  electrification,  the  quadrants  will  acquire  an  oppo- 
site charge  and  the  needle  will  turn  in  the  opposite  direction. 
The  direction  of  the  movement  of  the  needle,  as  shown  by  the 
direction  of  the  motion  of  the  spot  of  light,  indicates  the  nature 
of  the  charge  and  therefore  also  the  potential  of  the  source,  since 
we  now  assume  the  source  to  be  all  alone  by  itself  and  unin- 
fluenced by  other  electrified  bodies.  The  needle  has  been  given 
its  peculiar  shape  in  order  that  the  amount  of  the  deflections 
may  be  proportional  to  the  magnitude  of  the  potentials  which 
produce  them, 

384.  The  Potentials  in  a  Galvanic  Battery.  It  is.  thercioi(\ 
with  the  quadrant  electrometer  that  we  are  enabled  to  detect 
and  measure  the  potentials  which  are  produced  when  a  strip  of 
copper  and  a  strip  of  zinc  are  placed  near  each  other,  but  not 
in  contact,  in  a  vessel  of  dilute  acid.  In  virtue  of  the  chemical 
action,  which  is  greater  upon  the  zinc  than  upon  the  copper, 
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these  two  metals  become  at  different  potentials  as  soon  as  they 
are  immersed  in  the  liquid.  If  the  strip  of  zinc  is  connected 
with  the  earth  and  the  strip  of  copper  joined  to  the  quadrants 
B  of  the  quadrant  electrometer,  the  quadrants  A  being  like- 
wise connected  with  the  earth,  the  needle  will  move  in  such  a 
direction  as  to  indicate  that  the  copper  is  at  high  potential,  that 
is  that  electrons  have  flowed  from  the  quadrants  B  to  the  cop- 
per. If  the  copper  is  connected  with  the  earth,  and  the  zinc 
connected  with  the  quadrants  B,  the  needle  will  turn  in  the 
opposite  direction,  indicating  that  the  zinc  is  at  low  potential, 
or  that  electrons  have  flowed  from  the  zinc  to  the  quadrants. 
Here  the  difference  of  potential  is  brought  about  not  by  means 
of  mechanical  work  performed,  but  because  of  the  difference  in 
the  chemical  energy  expended  by  the  action  of  the  acid  upon 
the  two  metals.  In  this  case,  therefore,  it  is  chemical  action  that 
is  the  agent  producing  the  difference  of  potential;  and  as  long 
as  this  chemical  action  continues,  so  long  will  the  copper  remain 
at  a  higher  potential  than  the  zinc. 

Accordingly,  if  these  two  plates  are  connected  by  a  wire,  elec- 
trons will  flow  from  the  zinc  through  the  wire  to  the  copper, 
tending  to  raise  the  potential  of  the  zinc  and  lower  the  poten- 
tial of  the  copper.  But  chemical  action  continues,  so  that  a 
difference  of  potential  is  maintained  between  the  zinc  and  the 
copper,  and  hence  a  constant  stream  of  electrons  foivs  from  the 
low  potential  zinc  to  the  high  potential  copper,  and  an  electric 
current  is  said  to  flow  through  the  wire. 

Any  device,  capable  of  developing  and  maintaining  a  contin- 
uous difference  of  potential  by  virtue  of  chemical  action,  is  called 
a  galvanic  battery,  or  sometimes  a  voltaic  battery,  or  a  voltaic 
cell.  The  differences  of  potential  that  can  be  developed  by 
chemical  means  are  very  small  as  compared  with  those  which  we 
have  studied  under  static  electricity. 

385,  The  Direction  of  the   Current.    In  a  previous  section 
(p.  350)  it  has  been  pointed  out  that  it  Avould  be  perfectly  nat- 
ural and  most  reasonable  to  speak  of  the  direction  of  the  cur- 
rent as  the  direction  in  which  the  electrons  flow.     This  indeed 
would  be  the  case  if  we  were  at  this  time  forming  the  electrical 
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phraseology.  Ever  since  the  time  of  Franklin,  however,  a  posi- 
tively electrified  body  was  conceived  to  be  one  which  had  upon 
it  an  excess  of  electricity,  and  it  was  thought  to  be  this  ab- 
normal quantity,  or  this  positive  charge,  that  flowed  away  when 
the  body  was  discharged.  Moreover,  by  analogy,  it  was  be- 
lieved in  all  instances  to  be  the  positive  charge  that  moved  when 
a  current  from  any  source  flowed  through  a  conductor. 

When  it  was  found,  therefore,  that  a  flow  of  current  could  be 
obtained  most  effectively  and  efficiently  from  a  battery,  it  was 
.assumed  here  also  that  a  positive  charge  moved,  and  a  current 
was  said  to  flow  through  the  conductor  from  the  high  poten- 
tial copper  to  the  low  potential  zinc.  This,  through  many  years 
of  use,  has  come  to  be  recognized  as  the  direction  in  Avhich  the 
current  flows,  and  is  still  so  considered,  although  we  now  know 
that  the  flow  of  electrons  through  the  conductor  takes  place 
from  the  low  potential  zinc  to  the  high  potential  copper.  Ac- 
cordingly, out  of  deference  to  long-established  scientific,  as  well 
as  popular,  usage,  we  are  constrained  to  speak  of  the  current 
as  flowing  through  the  conductor  from  the  copper  to  the  zinc, 
although  we  are  perfectly  well  aware  that  the  flow  of  electrons 
which  constitutes  the  current  takes  place  in  the  opposite  direc- 
tion. 

386.  Electromotive  Force.  The  name  electromotive  force  has 
been  given  to  the  cause  of  whatever  nature  that  is  capable  of 
producing  a  difference  of  potential. .An electromotive forcethere;;^ 
fore  may  be  defined  as  anything  that  wall  produce  a  difference 
of  potential.  In  the  case  of  the  glass  rod  andlthe  piece  of  silk, 
for  instance,  the  electromotive  force  is  the  work  that  is  done  in 
separating  tlie  two  after  electrification ;  in  the  case  of  the  elec- 
trophorus,  the  electromotive  force  is  the  work  that  is  done  in 
lifting  the  cover  from  the  negatively  charged  plate ;  in  the  case 
of  the  Iloltz  machine,  the  electromotive  force  is  the  work  done 
in  turning  the  plate  against  the  electrical  forces  developed ;  in 
the  case  of  the  galvanic  battery,  the  electromotive  force  is  the 
chemical  action.  The  word  electromotive  force  is  usually  written 
E.  M.  P.,  and  later  we  shall  shorten  it  still  further  to  E.  Inas- 
much as  any  cause  which  produces  a  difference  of  potential  is  an 
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electromotive  force,  these  two  quantities  are  measured  by  the 
same  units  and  are  frequently  used  interchangeably.  Electro- 
motive force  is  unfortunately  named,  since  it  is  not  force  but 
energy,  and  may,  like  potential,  be  expressed  in  terms  of  energy 
expended  or  work  performed. 

387.  Dissociation  in  Dilute  Aqueous  Solutions.  In  treating 
of  osmotic  pressure  (p.  230),  it  was  sliow^n  that  when  a  solution 
of  a  substance  like  sugar  is  separated  from  pure  water  by  a 
porous  membrane,  the  water  tends  to  pass  through  the  pores 
of  the  membrane  and  mingle  with  the  sugar  solution.  Moreover, 
the  tendency  of  these  two  liquids  thus  to  mingle  is  so  great  that 
the  water  will  pass  through  the  pores  of  the  membrane  and 
mingle  with  the  solution  within,  even  though  in  its  passage  it 
causes  a  pressure  upon  the  membrane  amounting  to  several  hun- 
dred atmospheres.  This  pressure,  which  the  tendency  of  the 
two  liquids  to  mingle  is  capalile  of  producing,  or,  in  other  words, 
the  counter  pressure  which  it  would  be  necessary  to  exert  upon 
the  other  side  of  the  membrane  to  prevent  the  water  from  pass- 
ing through,  is  called  the  osmotic  pressure. 

It  was  furthermore  shown  that  the  osmotic  pressure  which  is 
thus  capable  of  being  produced  is  directly  proportional  to  the 
]iumber  of  molecules  of  the  dissolved  substance  present.  If, 
therefore,  a  certain  number  of  molecules  of  the  sugar  are  dis- 
solved, a  certain  osmotic  pressure  will  be  produced,  but  if  the 
number  of  the  dissolved  molecules  is  doubled,  the  osmotic  pres- 
sure will  be  doubled.  In  addition  to  this,  the  remarkable  fact 
was  brought  out  that  while  the  osmotic  pressure  depends  upon 
the  number  of  molecules  in  solution,  it  is  apparently  independent 
of  the  nature  of  the  molecules,  that  is,  it  makes  no  difference 
what  kind  of  substance  is  dissolved,  so  long  as  the  same  number 
of  molecules  are  present.  If,  therefore,  the  same  number  of 
dissolved  particles  of  any  other  substance  is  employed,  the  os- 
motic pressure  will  be  the  same  as  it  is  w^hen  sugar  is  used. 

"When,  however,  we  dissolve  a  given  number  of  molecules  of 
sugar  in  a  certain  volume  of  water  and  determine  the  osmotic 
pressure  of  the  solution,  and  then  dissolve  the  same  number  of 
molecules  of  common  salt,  NaCl,  in  an  equal  volume  of  water 
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and  determine  its  osmotic  pressure,  we  shall  find  this  pressure 
to  be  just  twice  as  great  in  the  latter  case  as  in  the  former.  In 
view  of  the  facts  which  M^e  know  to  be  true  regarding  osmotic 
pressure,  the  evident  explanation  of  this  phenomenon  lies  in  the 
inference  that  the  solution  of  NaCl  must  contain  twice  as  many 
particles  as  does  the  solution  of  sugar.  We  are  thus  forced  to  the 
conclusion  that  every  molecule  of  NaCl  as  it  dissolves,  breaks 
into  two  parts;  and  accordingly,  since  there  are  twice  as  many 
particles  in  the  solution,  the  osmotic  pressure  is  twice  as  great. 
Inasmuch  as  the  molecule  of  NaCl  consists  of  one  atom  of  Na 
and  one  atom  of  CI,  the  only  way  in  which  this  molecule  can 
break  into  two  parts  is  for  the  sodium  to  separate  from  the 
chlorine;  and  so  we  believe  that  the  Na  particle  floats 
away  by  itself  and  the  CI  particle  does  likewise.  The  break- 
ing up  of  the  molecule  of  a  compound  substance  when  this  is 
dissolved  in  water  is  called  dissociation,  and  this  dissocia- 
tion is  more  complete  the  more  dilute  the  solution.  The  com- 
ponent parts  into  which  a  compound  substance  breaks  up  by 
dissociation  are  called  the  ions. 

388.  The  Nature  and  Importance  of  the  Ions.  One  fact  of 
the  most  momentous  import  has  been  observed  regarding  the 
conductivity  of  solutions  for  electricity.  This  one  fact,  which 
perhaps  more  than  any  other  has  revolutionized  our  whole 
view  regarding  the  generation  of  a  difference  of  potential  in 
the  galvanic  battery,  and  which  alone  has  compelled  physicists 
to  formulate  an  entirely  new  theory  regarding  the  chemical 
relations  of  the  electric  current,  is  this:  that  only  those  solu- 
tions which  dissociate  and  form  ions  when  dissolved  condiict 
electricity.  A  solution  of  sugar,  therefore,  which  does  not  dis- 
sociate when  dissolved  does  not  form  ions,  and  so  does  not  con- 
duct electricity;  on  the  other  hand,  a  solution  of  common  salt, 
which  does  dissociate  and  does  form  ions,  is  found  to  be  a  good 
conductor.  This  remarkable  discovery  points  undoubtedly  to  a 
very  close  relation  between  the  ions  of  a  dissociated  substance 
and  the  conduction  of  electricity  by  a  liquid. 

At  first,  the  phenomenon  of  dissociation  seems  to  be  wholly 
at  variance  with  the  ideas  which  we  have  formerly  had  reg<ard- 
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ing  physical  and  chemical  theories.  We,  have  learned  (p  8  ) 
that  an  atom  cannot  exist  by  itself;  and  chemistry  teaches  that 
a  particle  of  free  sodium  cannot  remain  in  water  because  a 
chemical  action  takes  place  between  the  two. 

We  must  remember,  however,  that  whenever  any  two  dissimilar 
substances  are  separated,  the  electrons  which  the  two  bodies 
possess  together  are  redistributed  (p.  342),  one  carrying  with 
it  electrons  in  excess  of  its  normal  number,  and  the  other  being 
left  with  a  deficit  equally  great.  In  other  words,  one  body  is 
charged  negatively  due  to  the  additional  electrons  which  it 
carries,  and  the  other  is  left  charged  positively  to  the  same 
degree  because  of  the  electrons  which  have  in  this  way  been 
taken  from  it. 

This  law,  to  which  there  are  no  exceptions,  is  found  likewise 
to  hold  true  when  the  CI  and  the  Na  separate  from  each  other 
by  dissociation.  When  this  separation  is  effected  and  ions 
are  thereby  produced,  the  CI  is  found  to  carry  with  it  one 
electron  in  excess  of  its  usual  number,  and  is  therefore  charged 
negatively,  while  the  Na  is  left  with  one  electron  less  than  its 
usual  number,  and  is  accordingly  charged  positively.  Indeed, 
in  every  instance  in  whicli  dissociation  occurs,  the  ions  are 
charged,  since  one  of  the  dissociated  parts  carries  with  it  more 
than  its  usual  number  of  electrons,  and  the  other  is  left  with  a 
number  correpondingly  less.  If  it  is  a  metallic  salt  or  an  acid 
which  is  thus  dissociated  by  solution  in  water,  it  is  invariably 
the  acid  part,  or  the  acid  radical,  as  it  is  sometimes  called,  that 
carries  with  it  the  excess  of  electrons  and  is  charged  negatively, 
while  it  is  the  metallic  part  in  the  case  of  salts,  or  hydrogen  in 
the  case  of  acids,  that  is  charged  positively. 

389.  Relation  Between  the  Ionic  Charges  and  the  Chemical 
Bonds.  Whenever  one  and  only  one  chemical  bond  is  thus 
broken  by  dissociation,  as  in  the  example  of  the  NaCl  men- 
tioned above,  one  single  electron  in  excess  is  taken  by  the  acid 
radical,  in  this  case  the  CI,  and  a  deficit  of  one  electron  is 
produced  upon  the  positive  ion,  in  this  case  the  Na.  If  two 
chemical  bonds  are  broken  in  this  way,  the  acid  radical  carries 
with  it  an  excess   of   two    electrons,    while   the   metallic  or  the 
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liydrogeu  ion  is  left  with  a  corresponding  deficit  of  two  elec- 
trons, and  so  on.  The  number  of  electrons  which  the  negative 
ion  carries  is  thus  always  the  same  as  the  number  of  the 
chemical  bonds  which  have  been  broken  by  the  dissociation, 
while  the  number  of  electrons  which  the  positive  ion  is  lacking 
is  likewise  the  same  as  the  number  of  these  broken  bonds.  In 
other  words,  ivhon  a  substance  dissociates,  the  negative  ion  car- 
ries witJi  it  an  excess  of  one  electron  for  each  chemical  hond  that 
has  heen  hi'oJien,  while  the  positive  ion  is  left  with  a  deficit 
likeivise  of  one  electron  for  each  hond  thus  broken.  The 
number  of  electrons  which  the  negative  ion  carries  in  excess, 
and  the  corresponding  number  which  the  positive  ion  is  lack- 
ing, are  thus  seen  to  have  the  most  intimate  and  direct  rela- 
tion with  the  number  of  chemical  bonds  which,  when  dissociation 
occurs,  would  otherwise  be  left  free. 

390.  The  Passivity  of  the  Ions.  Inasmuch  as  ordinary 
chemical  reactions  take  place  when  the  atoms  or  radicals  have 
their  normal  numbers  of  electrons,  it  might  well  be  expected 
that  these  reactions  would  be  different,  or  might  possibly  fail 
altogether,  when  the  atoms  or  radicals  thus  become  electrified 
and  so  form  ions.  Indeed,  it  is  found  that  while  the  uncharged 
atoms  and  radicals  are  exceedingly  active,  so  much  so  that 
ordinarily  they  cannot  exist  by  themselves,  they  cease  alto- 
gether to  have  these  active  chemical  properties  as  soon  as  they 
acquire  or  lose  one  or  more  electrons ;  and  therefore  in  their 
charged  condition  as  ions,  they  float  about  in  the  water  separated 
from  each  other. 

We  may  form  a  conception  of  the  ionic  condition  which  then 
exists  by  imagining  that  the  charges  thus  resident  upon  the  ions 
possibly  protect  the  bonds,  one  electron  for  each  bond,  and  so 
prevent  the  activit}^  which  would  otherwise  take  place.  Cer- 
tain it  is  that  the  presence  or  the  absence  upon  an  atom  of  one 
additional  electron  for  each  bond  renders  the  atom  passive  and 
inert,  and  takes  from  it  every  trace  of  the  chemical  properties 
which  that  atom  or  radical  would  otherwise  possess.  ]\Iore- 
over,  the  ion  will  remain  indefinitely  in  this  inactive  condition 
until  it  is  discharged,  that  is,  until  electrons  flow  away  from  it 
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or  upon  it  and  it  once  more  has  its  normal  number,  after  which^ 
as  the  bonds  are  then  no  longer  protected,  it  instantly  regains 
its  usual  chemical  properties. 

391.  Dissociation  Complete  Only  in  Dilute  Solutions.    It  is 

true  that  in  the  solution  the  positive  charge  upon  one  ion  and 
the  negative  charge  upon  another  may,  by  their  mutual  attrac- 
tions, bring  the  two  together  and  for  a  moment  form  a  molecule 
of  the  original  substance.  The  same  power  of  dissociation 
which  effected  the  separation  in  the  first  place  will,  however, 
operate  again,>  and  the  two  will  once  more  become  ions.  There 
are,  therefore,  always  present  in  every  solution  a  number  of  ions 
which  become  momentarily  united,  thus  forming  a  neutral  mole- 
cule, but  which  will  again  dissociate  a  moment  later.  From  this 
follows  the  conclusion  previously  reached  (p.  455)  that  the 
more  dilute  the  solution  the  more  complete  the  dissociation. 

Just  as  NaCl  dissociates  into  Na  and  CI  ions,  the  CI  Tbeing 
charged  negatively  and  the  Na  positively,  so  hydrochloric  acid, 
HCl  dissociates  into  H  and  CI  ions,  the  CI  again  having  an 
excess,  and  the  H  a  deficit,  of  one  electron.  In  a  similar  way 
sulphuric  acid,  H2SO4,  dissociates  into  two  H  ions  and  one  SO^ 
ion,  the  latter  having  two  bonds,  and  therefore  having  upon  it 
an  excess  of  two  electrons.  The  two  H  ions  are  accordingly 
charged  positively,  each  having  yielded  an  electron  to  the  SO4 
radical. 

Any  solution  containing  a  dissociated  substance,  that  is,  any 
soluti&ti  containing  ions,  is  called  an  electrolyte. 

392.  Local  Action — Amalgamation.  If  a  piece  of  ordinary 
commercial  zinc  is  placed  in  dilute  sulphuric  acid,  a  violent 
chemical  reaction  takes  place  and  hydrogen  gas  is  evolved  in 
large  quantities.  As  a  result  of  this  action  the  zinc  rapidly 
wastes  away  and  a  black  residue  consisting  largely  of  carbon, 
which  is  the  chief  impurity  in  zinc,  is  all  that  remains.  In- 
deed, the  ordinary  method  of  making  hydrogen  gas  is  to  pour 
dilute  acid  upon  pieces  of  zinc  and  to  collect  the  hydrogen  that 
escapes.  When,  therefore,  a  piece  of  ordinary  zinc  is  used  as 
one  of  the  plates  of  a  battery,  this  chemical  reaction  causes  a 
rapid  wasting  away  of  the  zinc,  with  the  consequent  evolution 
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of  hydrogen.  This  evolution  of  hydrogen  at  the  surface  of  the 
zinc  plate  of  a  battery  is  called  local -action.  Since  perfectly 
pure  zinc,  is  not  affected  by  dilute  acid,  in  this  way  a  plate  of 
zinc  wholly  free  from  all  impurities  may  be  placed  in  this  liquid 
A\'ithout  bringing  about  the  evolution  of  hydrogen,  and  without 
decreasing  appreciably  in  amount. 

Local  action  in  a  battery,  therefore,  is  an  effect  which  in 
some  way  depends  upon  the  presence  of  the  impurities  in  the 
zinc,  and  this  will  be  considered  in  detail  later.  These  impuri- 
ties may  be  covered  wp,  and  thus  local  action  prevented,  by  pour- 
ing mercuiy  over  the  zinc,  thereby  leaving  the  latter  with  a  thin 
film  of  mercury  adhering  to  it.  The  zinc,  however,  is  soluble  in 
the  mercury,  and  hence  zinc  particles  float  through  this  covering 
and  come  in  contact  with  the  acid,  so  that  a  piece  of  zinc  thus 
coated  with  mercury  behaves  in  dilute  acid  precisely  like  a  piece 
of  chemically  pure  zinc.  This  process  of  overspreading  the  zinc 
with  a  film  of  mercury  is  called  amdlgamating  the  zinc.  The 
amalgamation  of  the  zinc,  therefore,  prevents  local  action  by  cov- 
ering up  the  impurities,  while  it  in  no  way  detracts  from  the  role 
whicli  the  zinc  plays  in  the  action  of  the  battery. 

393.  The  Formation  of  Zinc  Ions  in  a  Battery.  When  a  plate 
of  zinc  is  placed  in  water  or  in  dilute  acid,  it  tends  to  dissolve, 
and,  indeed,  it  does  dissolve  to  a  certain  extent.  That  is,  a 
particle  of  zinc,  which  originally  formed  a  portion  of  the  zinc 
plate,  separates  from  the  plate  and  floats  away  by  itself.  ]\Iore- 
over,  in  the  separation  which  is  thus  effected  between  the  zinc 
particle  and  the  original  plate,  it  is  found  that  the  two  chemical 
bonds  which  zinc  possesses  have  been  ruptured,  and  that  two 
electrons  from  the  zinc  particle  have  been  retained  by  the  plate. 
Tn  other  words,  the  plate,  having  two  electrons  in  excess,  is 
thereby  charged  negatively  and  is  at  low  potential,  while  the 
zinc  particle,  having  a  deficit  of  two  electrons,  is  thus  left 
charged  positively  and  is  at  high  potential.  The  zinc  particle 
is  therefore  in  every  sense  a  zinc  ion,  inasmuch  as  it  is  a  metallic 
particle  which  has  lost  one  electron  for  each  of  its  two  broken 
bonds.     A  zinc  ion,  as  well  as  a  copper  ion,  which  likewise  has 
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two  bonds,  thus  carries  a  positive  charge  twice  as  great  as  that 
upon  an  H  or  a  Na  ion,  silice  each  of  the  latter  has  only  a  single 
bond. 

394.  Solution  Tension  is  Analogous  to  Osmotic  Pressure.  If 
a  i^late  of  chemically  pure  zinc  or  a  piece  of  amalgamated  com- 
mercial zinc  is  placed  in  an  electrolyte,  the  zinc  dissolves  and 
sends  positively  charged  Zn  ions  into  the  solution.  This  makes 
the  number  of  positively  charged  bonds  in  the  solution  in  excess 
of  the  number  of  negatively  charged  bonds,  and  hence  an  elec- 
trostatic repulsion  between  these  positively  charged  ions  takes 
place.  So  enormously  gi'eat  is  this  electrostatic  repulsion  that 
the  Zn  ions  already  in  solution  repel  those  about  to  leave  the 
zinc  plate,  and  the  zinc  ceases  to  dissolve  after  a  relatively 
small  number  of  ions  have  been  formed. 

The  zinc  ions  already  in  the  electrolyte  therefore  exert  a 
pressure,  or  tension,  upon  the  zinc  plate  which  prevents  other 
particles  of  zinc  from  passing  into  solution.  This  electrostatic 
pressure  of  the  postively  charged  ions  against  the  zinc  plate, 
thereby  preventing  the  zinc  from  dissolving  further,  is  analogous 
to  the  osmotic  pressure  (p.  230)  of  the  particles  of  a  dissolved 
substance  against  the  separating  membrane,  tending  to  prevent 
a  further  passage  of  the  water.  ]Moreover,  just  as  a  definite  os- 
motic pressure  will  prevent  a  further  flow  of  water  through  the 
membrane,  so  a  definite  electrostatic  pressure  of  the  zinc  ions 
already  in  solution  will  prevent  more  zinc  ions  from  leaving  the 
zinc  plate  and  passing  into  the  liquid.  This  electrostatic  counter 
pressure,  which  thus  opposes  the  tendency  of  zinc  to  dissolve, 
reaches  the  enormous  figure  of  lO^''  atmospheres. 

Accordingly,  the  tendency  of  a  metal  to  dissolve,  that  is,  the 
solution  tension  of  that  metal,  is  the  highest  possible  electrosta- 
tic counter  pressure  under  which  the  metal  is  aMe  to  send  ions 
into  the  solution.  The  solution  tension  of  zinc,  therefore,  is 
inconceivably  great ;  and  when  the  zinc  ceases  to  dissolve,  as  it 
does  very  quickly  when  placed  in  an  electrolyte,  it  indicates 
that  the  zinc  ions  which  are  already  dissolved,  exert  the  above 
enormous  pressure,  analogous  to  an  osmotic  pressure,  upon  the 
surface  of  the  zinc  plate. 
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If  now,  a  piece  of  copper  is  placed  in  the  electrolyte  near  the 
zinc,  it  will  be  found  that  the  copper  has  a  solution  tension 
which  is  only  10"-*^  atmospheres,  hence  the  number  of  ions  which 
it  can  send  into  the  solution  is  infinitely  small  as  compared  with 
those  w^hich  come  from  the  zinc,  and  therefore  these  may  be 
neglected  altogether.  The  copper,  however,  is  a  conductor;  and 
so,  when  a  positively  charged  ion  touches  it,  an  electron  flows 
from  it  off  upon  each  positively  charged  bond  of  the  ion.  This 
discharges  the  ion,  or  makes  it  electrically  neutral,  so  that  it 
becomes  a  free  chemical  atom  with  free,  active  bonds.  Since  a 
free  atom  cannot  exist  by  itself,  this  atom  then  unites  with  an- 
other similar  atom  to  form  a  molecule,  which  is  deposited  upon 
the  copper  plate ;  and  thus,  in  passing  out  of  the  solution,  it  re- 
moves a  positive  ion  and  makes  it  possible  for  another  particle 
of  zinc  to  leave  the  zinc  plate  and  become  an  ion. 

3S5.  The  Action  of  the  Simple  Battery  Cell.  It  is  uov.-  pos- 
sible to  study  somewhat  in  detail  the  processes  which  take  place 
within  the  battery. 

If  the  fluid  of  the  batter}-  is  dilute  sulphuric  acid,  the  HsSOj 
dissociates  at  once,  each  molecule  yielding  one  negatively 
charged  SO^  ion  and  two  positively  charged  H  ions.  The  SO., 
ion,  having  two  chemical  bonds,  carries  an  excess  of  two  elec- 
trons, one  for  each  bond,  while  each  of  the  two  hydrogen  ions 
is  lacking  an  electron,  as  H  has  a  single  chemical  bond  only. 
The  electrolyte,  however,  is  absolutely  neutral,  since  the  number 
of  the  positively  charged  H  bonds  equals  the  number  of  the  nega- 
tively charged  SO^  bonds.  Into  this  electrolyte  we  bring  a  plate  of 
copper  (Cu)  and  a  plate  of  Zinc  (Zn),  Fig.  250,  the  latter  being 
the  more  massive,  since  this  is  the  plate  that  M'astes  away  and 
will  ultimately  disappear  through  the  action  of  the  battery. 

The  processes  which  now  takes  place  in  the  battery  cell,  where- 
by the  zinc  becomes  at  low  potential  and  the  copper  at  high 
potential  may  be  described  as  follows:  The  zinc  sends  Zii  ions 
into  the  solution  until  the  electrostatic  pressure  of  these  ions 
against  the  Zn  plate  is  equal  to  the  solution  tension  of  the  zinc. 
At  the  separation  from  the  zinc  plate,  each  Zn  ion  yields  two 
electrons  to  the  plate,   thereby  charging  the  latter  negatively 
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The  action   of  the  simple  battery 
cell. 


and  bringing  it  to  low  potential.  The  low  potential  of  the  zinc 
plate  is  thus  occasioned  by  the  accumulation  upon  it  of  the 
electrons  which  it  retains  when  the  zinc  ions  go  into  solution. 

The  presence  in  the  elec- 
trolyte of  the  positively 
charged  Zn  ions  produces 
the  two-fold  effect  of  at- 
tracting the  negatively 
charged  SO4  ions  and  re- 
pelling the  positively' 
charged  H  ions.  There  is, 
therefore,  throughout  the 
liquid  a  steady  though 
gradual  movement  of  the 
SO4  ions  towards  the  re- 
gion of  the  zinc  plate,  and 
also  a  movement  of  the  H 
ions  in  the  opposite  di- 
rection, that  is,  towards  the  region  of  the  copper  plate. 

A  Zn  ion  will  ultimately  attract  to  itself  an  SO4  ion,  thus 
forming  a  neutral  molecule  of  zinc  sulphate,  ZnSO^.  As  long 
as  the  solution  of  this  salt  remains  dilute,  this  newly-formed 
molecule  will  at  once  dissociate,  forming  again  a  Zn  and  an 
SO4  ion ;  but  as  these  will  now  remain  in  the  immediate  neigh- 
borhood of  each  other,  they  produce  together  a  resultant  electro- 
static field  of  zero  intensity.  As  the  solution  of  ZnS04  becomes 
more  concentrated,  this  salt  ceases  to  dissociate  and  even  forms 
crystals,  which  so  impede  the  action  of  the  battery  that  the  old 
electrolyte  must  be  removed  and  replaced  by  new. 

It  is,  however,  the  positively  charged  H  ions  in  the  electrolyte 
that  are  effective  in  bringing  about  the  high  potential  of  the 
copper  plate.  As  was  shown  above,  the  positively  charged  Zn  ions 
not  only  attract  to  themselves  the  negatively  charged  SO4  ions, 
but  also  repel  the  positively  charged  H  ions.  These  then  repel 
other  H  ions,  and  these  latter  still  others,  and  so  on,  until  a 
chain  of  these  ions  is  formed  extending  through  the  electrolyte 
to  the  copper  plate,  each  ion  repelling  the  one  before  it,  and 
being  in  turn  repelled  by  the  one  behind  it.  Finally,  for  each 
Zn  ion  tliat  goes  into  solution  at  the  zinc  plate,  two  H  ions  near 
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the  copper  plate  move  slightly  forward  and  touch  this  plate, 
which,  as  we  have  seen,  is  a  conductor.  Two  electrons  then  flow 
from  the  copper  plate  off  upon  these  two  H  ions,  thus  making 
the  latter  neutral  chemical  hydrogen  atoms,  and  leaving  the 
copper  plate  charged  positively,  and  therefore  at  high  potential. 

It  is,  however,  impossible  for  free  hydrogen  atoms  to  exist 
by  themselves;  and  as  two  atoms  are  necessary  to  form  a  mole- 
cule, these  two  hydrogen  atoms  unite  with  each  other  by  their 
free  chemical  bonds,  thereby  forming  a  molecule  of  hydrogen 
which  is  deposited  upon  the  copper  plate.  This  removal  from 
the  electrolyte  of  two  positively  charged  hydrogen  ions  decreases 
the  electrostatic  repulsion  against  the  zinc  plate,  so  that  an- 
other Zn  ion,  Avith  its  two  positively  charged  bonds  leaves  the 
zinc  and  passes  into  the  solution.  All  of  the  above  reactions 
are  then  repeated  in  the  same  order. 

This  process,  which  thus  seems  continuous,  is,  however,  lim- 
ited by  the  potential  which  the  copper  plate  soon  attains.  The 
potential  of  this  plate  continues  to  rise  as  electrons  flow  from 
it  to  the  H  ions,  until  it  becomes  equal  to  the  potential 
of  the  ions  themselves.  All  action  then  ceases;  and  the  two 
plates,  the  copper  at  high  potential  and  the  zinc  at  low  potential, 
remain  in  the  electrolyte  in  this  condition  of  equilibrium. 

It  is  in  this  condition,  that  is,  when  the  copper  and  the  zinc 
are  not  connected  by  a  wire,  that  the  electromotive  force  of  a 
battery  is  measured,  for  it  is  only  when  everything  has  thus 
come  to  a  state  of  equilibrium  that  the  true  effect  of  these 
processes  which  go  on  in  the  battery  may  be  determined.  The 
electromotive  force  of  a  battery,  therefore,  might  perhaps  more 
properly  be  said  to  be  due  to  a  difference  in  the  solution  tension 
of  zinc  and  copper,  rather  than  to  what  is  ordinarily  known  as 
chemical  action.  A  battery  could  not  be  operated  with  two 
metals  which  had  the  same  solution  tension  in  a  single  electro- 
lyte. 

396.  The  Flow  of  the  Electrons.  If  the  zinc  is  now  con- 
nected by  a  wire  with  the  copper,  electrons  will  flow  through 
the  wire  from  the  low  potential  zinc  to  the  high  potential 
copper,   thus  raising  the   potential   of  the   zinc   and   lowering 
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the  potential  of  the  copper.  The  fact  that  the  copper  is  now  at 
lower  potential  makes  it  possible  for  still  other  hydrogen  ions 
to  approach  and  touch  this  plate,  and  to  receive  electrons  from 
it.  This  further  flow  of  electrons  from  the  copper  plate  both 
raises  the  potential  of  this  plate  and  also  discharges  the  hydro- 
gen ions  upon  which  the  electrons  flow,  so  that  these  ions  become 
neutral  chemical  atoms,  which,  when  they  unite  with  other  sim- 
ilar atoms  and  form  molecules  of  hydrogen,  are  deposited  upon 
the  copper  plate. 

This  removal  of  H  ions  from  the  electrolyte  decreases  the 
electrostatic  repulsion  against  the  zinc  plate,  so  that  more  zinc 
can  now  dissolve  and  pass  as  ions  into  the  solution,  thereby  once 
more  lowering  the  potential  of  the  zinc  plate.  Again  a  flow  of 
electrons  will  take  place  from  the  zinc  through  the  wire  to  the 
copper,  again  electrons  will  flow  from  the  latter  plate  off  upon 
H  ions  which  approach  and  touch  it,  again  hydrogen  molecules 
will  be  deposited  upon  the  copper  plate,  and  so  the  operation  of 
the  battery  becomes  continuous.  So  rapidly,  indeed,  do  these 
processes  take  place  that  the  ZnSO_j  which  has  not  yet  been  dis- 
sociated may  be  seen  trailing  off  from  the  lower  end  of  the  zinc 
plate ;  while  hydrogen  molecules  accumulate  in  such  numbers 
upon  the  copper  plate  that  they  unite  to  form  bubbles  of  hy- 
drogen gas,  which  rise  througli  the  liquid  in  a  continuous 
stream. 

The  metallic  connection  between  the  zinc  and  the  copper  plate 
may  be  made  beneath  the  surface  of  the  liquid  quite  as  well  as 
above  it. 

397.  The  Flow  of  the  Current.  This  flow  of  electrons 
through  the  wire,  as  described  above,  is  wdiat  is  understood  to 
be  the  flow  of  the  current.  In  this  connection,  however,  atten- 
tion may  well  be  called  once  more  to  the  unfortunate  fact  that 
in  scientific  as  well  as  popular  parlance,  the  current  is  said  to 
flow  from  the  copper  through  the  wire  to  the  zinc.  As  has  been 
pointed  out  in  a  previous  chapter  (p.  351),  this  is  a  legacy  that 
has  come  down  to  us  from  the  time  when  it  was  thought  that 
the  positive  charge  moved  or  flowed ;  and  although  we  now  know 
that  it  is  the  negatively  charged  electrons  that  flow  through  the 
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Avire  from  tlie  zinc  to  the  copper,  we  are  still,  and  probably  shall 
always  be,  constrained  to  speak  of  the  current  as  flowing  from 
tlie  liigh  potential  copper  to  the  low  potential  zinc. 

It  has  likewise  been  pointed  out  that  the  exterior 
c'jji  it  of  a  negative  charge  moving  in  the  negative  direction  is 
the  same  as  that  of  a  positive  charge  moving  in  the  positive  di- 
rection. AVe  may  therefore  avoid  all  ambiguity  and  all  con- 
fusion by  discriminating  carefully  between  the  direction  of  flow 
of  the  electrons,  and  the  direction  of  flow  of  the  current:  and 
when  the  current  is  mentioned  as  flowing  in  a  particular  direc- 
tion, we  may  always  understand  that  what  is  actually  taking 
l^lare  is  that  the  electrons  are  flowing  in  the  opposite  direction. 

398.  The  Explanation  of  Local  Action.     We  are  now  iu  a 

position  to  understand  the  true  nature  of  local  action  in  a  bat- 
tery fp.  458),  and  to  explain  the  rapid  evolution  of  hydrogen 
gas  when  ordinary  zinc  is  treated  with  dilute  sulphuric  acid. 
The  solution  tension  of  the  particles  of  the  carbon,  which  forms 
the  chief  impurity  in  commercial  zinc,  is  even  less  than  that 
of  copper,  and  at  the  same  time  carbon  is  an  excellent  conductor 
of  electricity.  When,  therefore,  the  impure  zinc,  with  its  par- 
ticles of  carbon  adhering  to  it,  is  placed  in  an  electrolyte,  the 
zinc  tends  to  dissolve  just  as  if  it  were  chemically  pure,  and  the 
Zn  ions  which  tlius  go  into  solution,  tend  to  repel  li  ions  and 
force  them  out  of  tlie  solution. 

By  toucliing  the  carbon  particles,  the  H  ions  "^^^ 
receive  electrons  and  so  become  discharged,  Fig. 
251,  just  as  the  ][  ions  receive  electrons  from  the 
copper  plate  in  the  action  of  the  battery  already 
described.  As  soon  as  these  ions  are  discharged, 
they  become  chemical  hj^drogen  atoms,  and  unite 
with  other  similar  atoms  to  form  hydrogen 
molecules,  which  in  turn  gather  into  bubbles 
and  rise  in  great  profusion  from  the  surface  of  '  "'  actVon.^'"*''*' 
tlie  carbon  ])artieles.  In  other  words,  every  par- 
ticle of  carbon  upon  the  face  of  the  zinc  acts  precisely  like  the 
coiipcr  ])late  of  a  l)attery :  and  an  evolution  of  hydrogen  takes 
place  upon  tliis  particle  for  tlie  same  reason  that  hydrogen  is 
evolved  upon  the  copper  plate. 
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There  are,  therefore,  myriads  of  little  batteries  all  up  and 
doAvn  the  face  of  the  zinc,  each  producing  a  tiny  current  flow- 
ing from  the  carbon  through  the  point  of  contact  to  the  zinc' 
These  little  local  currents  not  only  produce  an  evolution  of  hy- 
drogen gas  from  the  surface  of  the  carbon  particles,  but  also 
cause  the  zinc  to  waste  away,  as  this  always  does  when  the  cur- 
rent is  flowing.  Therefore,  if  local  action  were  allowed  to  con- 
tinue, the  zinc  would  soon  waste  entirely  away,  being  consumed 
thus  in  maintaining  these  little  parasitic  currents  which  exist 
between  the  impurity  and  the  zinc  wherever  a  particle  of  im- 
purity is  found.  Accordingly,  if  these  particles  of  impurities 
are  covered  up  by  a  coating  of  mercury,  in  which  the  zinc  dis- 
solves readily,  the  zinc  may  still  be  brought  in  contact  with  the 
electrolyte,  while  the  impurities,  which  would  otherwise  form 
the  high  potential  plates  of  innumerable  little  batteries,  are  sur- 
rounded by  a  covering  which  effectually  prevents  them  from 
coming  in  contact  with  the  battery  fluid.  Thus  it  is  that  the 
amalgamation  of  the  zinc  greatly  increases  the  efficiency  of  the 
battery. 

399.  Polarization  of  the  Battery.  We  have  seen  that  the  ac- 
tion of  the  battery  is  inevitably  such  as  to  deposit  positively 
charged  ions  upon  the  copper  plate.  If  these  are  hydrogen  ions, 
they  will  lose  their  charges  of  electricity  and  gather  into  bubbles, 
thus  covering  the  copper  plate  and  producing  the  effect  known 
as  the  polarization  of  the  battery.  If  the  battery  is  allowed 
to  polarize,  that  is,  if  these  bubbles  of  hydrogen  are  allowed  to 
collect  upon  the  copper  plate,  the  difference  of  potential  be- 
tween the  copper  and  the  zinc  is  greatly  diminished,  and  the 
flow  of  current  may  even  cease  altogether.  Polarization,  there- 
fore, is  a  phenomenon  most  detrimental  to  the  successful  action 
of  the  battery,  and  every  effort  is  made  to  obviate  this  objec- 
tionable feature. 

If  the  bubbles  of  hydrogen  are  allowed  to  gather  upon  the 
copper  plate,  this  plate  is  then  partly  covered  by  a  layer  of 
gas,  so  that  its  effective  portion,  that  is,  the  portion  in  contact 
with  the  electrolyte,  is  greatly  diminished.  As  we  shall  learn 
later,  diminishing  the  size  of  the  plates  of  a  battery  increases 
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the  resistance  which  the  flow  of  the  electricity  has  to  encounter ; 
and  therefore,  the  flow  of  current  decreases  in  a  battery  which 
is  allowed  to  polarize,  due  in  i^art  to  the  increased  internal 
resistance. 

A  far  more  serious  objection,  however,  lies  in  the  fact  that 
the  resulting  difference  of  potential  between  the  copper  and  the 
zinc  is  very  much  less  in  a  l)attery  where  polarization  is  allowed 
to  take  place.  Indeed,  the  solution  tension  of  hydrogen  is  al- 
most identically  the  same  as  that  of  zinc,  so  that  the  hydrogen 
bubbles  which  coat  the  copper  plate  tend  to  dissolve  back  again 
in  the  electrolyte  and  become  ions  once  more. 

As  each  hydrogen  particle  thus  dissolves  and  becomes  a  posi- 
tively charged  H  ion,  it  parts  with  an  electron  which  is  retained 
by  the  copper  plate.  Avhereln-  the  potential  of  this  plate  is- 
loAvered ;  and  as  this  process  continues,  the  potential  of  the  cop- 
per plate  falls  lower  and  lower,  until  it  is  but  little,  if  any, 
above  the  potential  of  the  zinc  plate.  Accordingly,  the  effective 
difference  of  potential  between  the  zinc  plate  and  the  copper 
plate  is  very  greatly  decreased,  and  the  flow  of  current  in  such  a 
battery  soon  becomes  very  feeble,  or  may,  indeed,  cease  alto- 
gether, due  to  the  fact  that  the  difference  of  potential  between; 
the  plates  has  been  destroyed. 

The  decrease  in  potential  of  the  copper  plate,  due  to  this 
tendency  of  the  hydrogen  bubbles  again  to  dissolve,  is  called 
ihc  counier  flccfromotive  force  of  polarization.  That  is,  a 
copper  plate  coated  Avith  hydrogen  bubbles,  and  therefore  be- 
having in  a  battery  almost  exactly  like  a  zinc  plate,  tends  to 
develop  an  electromotive  force  in  a  direction  opposite  to  that 
which  is  produced  between  the  zinc  and  the  copper  when  the 
battery  operates  without  polarization.  The  resultant  electro- 
motive force  in  a  battery  whicli  is  polarized  is  therefore  only 
the  difference  between  the  direct  electromotive  force  of  the 
battery  and  the  counter  electromotive  force  of  polarization,  and 
tills  difference  usually  becomes  very  small  indeed. 

400.  The  Method  of  Avoiding  Polarization — The  Two-Fluid 
Battery.  In  order  to  avoid  polarization,  it  is  necessary  to  sur- 
round the  copper  plate  by  an  electrolyte  that  does  not  contain- 
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.lij'drogeii  ions,  and  this  can  be  accomplished  oidy  by  the  two- 
fluid  battery.  While  there  are  many  forms  of  two-fluid  bat- 
teries, all  being  devised  for  the  sole  purpose  of  avoiding  polari- 
zation, only  one  will  be  described  in  detail,  but  this  may  be 
.taken  as  a  type  of  all. 

401.  The  Daniell  Battery.  The  Dauiell  battery  consists  of 
.a  plate  of  zinc  immersed  in  dilute  sulphuric  acid,  II^SO^,  and  of  a 
copper  plate  surrounded  by  a  solution  of  copper  sulphate,  CuSO,,, 
these  two  liquids  being  separated  l)y  a  porous  partition,  Fig.  252. 
This  porous  partition,  which  consists  of  unglazed  earthenware, 
is  close  enough  to  prevent  the  two  liquids  from  mingling,  while 
it  is  still  sufficiently  open  to  permit  ions  to  wander  through  its 
pores.  The  H.SO^  dissociates  upon  being  dissolved  in  water 
into  two  H  ions,  and  one  SO^  ion.  In  the  process  of  dissocia- 
tion, the  SO^  ion,  whicli  has  two  l^onds,  has  deprived  each  of  the 

H  ions  of  an  electron,  and 
so  is  charged  negatively, 
while  the  two  H  ions  are 
thus  left  charged  positive- 
ly, inasmuch  as  each  has  a 
single  bond  and  has  lost 
one  electron.  In  a  similar 
manner,  the  CuSO^  mole- 
cule dissociates  into  one 
negatively  charged  SO^  ion 
and  one  positively  charged 
Cu  ion,  the  latter  having 
two  chemical  bonds,  and 
Fig.   2.52.    Tiie   principle   of  the   DauioU  therefore  being  left  with  a 

battery. 

deficit  of  two  electrons.  A 
zinc  plate  is  now  suspended  in  the  HoSO^  electrolyte,  and  a  cop- 
per plate  is  immersed  in  the  solution  of  CUSO4. 

As  before,  the  great  solution  tension  of  the  zinc  causes 
positively  charged  Zn  ions  to  separate  from  the  zinc  plate  and 
go  into  solution.  The  electrostatic  repulsion  l)etween  these  Zn 
ions  and  the  H  ions  which  are  already  in  the  solution  now  takes 
place,  each  Zn  ion  repelling  two  H  ions,  and  these  in  turn  re- 
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jx'lliiii;  two  otlici-s.  ;iii(l  so  on,  uiitil  tlie  jjoroiis  ])artitioii  separat- 
ing the  two  Hiiitls  is  reached.  Tliese  II  ions  now  pass  through 
the  porous  partition  and  enter  tlie  CUSO4  electrolyte.  Here  the 
electrostatic  repulsion  continues,  since  this  side  now  contains  an 
excess  of  positively  cluirged  ions.  Therefore  the  two  H  ions 
repel  a  Cu  ion,  this  in  turn  repels  another  Cu  ion,  this  another, 
and  so  on,  until  finally  a  Cu  ion  touches  the  copper  plate.  This, 
Cu  ioii»now  receives  two  electrons  from  the  copper  plate 
and  becomes  itself  a  free,  chemical,  copper  atom  Avith  its  two 
free,  active  lionds.  Two  such  atoms  of  copper  now  join  to- 
gether by  their  free  l)onds  and  form  a  molecule  of  copper,  whicli 
is  deposited  upon  the  copper  plate. 

B}'  the  action  of  this  two-fluid  batter.y,  therefore,  a  molecule 
of  copper  instead  of  a  molccuh:  of  liijdrogen  is  deposited  upon 
the  copper  plate:  but  since  this  was  already  a  copper  plate,  the 
addition  of  more  copper  can  in  no  Avay  change  its  solution 
tension,  and  tiierefore  the  full  difference  of  potential  between 
the  zinc  and  the  copper  is  maintained  ivitliout  tlie  least  trace  of 
a  counter  electromotive  force  due  to  polarizeition..  The  only  con- 
dition for  t^ie  successful  operation  of  this  battery  is  to  keep  the 
copper  plate  continuously  immersed  in  a  saturated  solution  of 
CuSO^,  so  that  the  IT  ions  can  never  approach  it.  To  this  end 
the  eop])er  ])late  is  usually  surrounded  by  crystals  of  CuSO^. 
wliich  keej)  tlie  li(iuid  saturated  with  this  salt.  As  soon,  there- 
fore, as  an  ion  of  copper  is  repelled  out  of  the  solution  and 
deposited  as  metallic  copper  upon  the  copper  plate,  another 
particle  of  the  CuSO^  dissolves;  thus  the  copper  plate  is  con- 
tinually surrounded  by  positively  charged  Cu  ions  which  effec- 
tually prevent  the  IT  ions  from  approaching  it  and  depositing 
themselves  ui)on  it.  Thus,  by  the  employment  of  a  two-fluid 
battery,  polarization  is  avoided. 

402.  The  Gravity  Battery.  Anotlici-  form  of  llic  Daniell  rrll. 
know'n  as  the  gravity  battery,  is  more  convenient  and  is  of  more 
frequent  occurrence.  In  the  gravity  batterj^  no  porous  partition 
divides  the  two  electrolytes,  Fig.  253,  but  this  separation  is  ac- 
complished by  tlie  greater  specific  gravity  of  the  CuSO^  solution, 
whicli  causes  it  to  remain  in  tlie  lower  part  of  the  battery  jar. 
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ri<;.  253.      The 


Accordingly,  a  copper  plate  is  placed  in  tlie  bottom  of  the  jar 
which  is  then  partly  filled  Avith  a  saturated  solution  of  CuSO^, 
and  crystals  of  the   same   salt  are   placed  in  large   quantities 

around  this  copper  plate.  Upon  this 
solution  of  CuSO^  is  carefully  poured 
the  lighter  solution  of  dilute  sulphuric 
acid,  or,  what  is  quite  as  good,  a  di- 
lute solution  of  ZnSO^,  and  in  this, 
in  the  upper  part  of  the  jar,  is  im- 
mersed the  plate  of  zinc. 

The  mingling  of  these  two  solutions 
is  prevented  by  keeping  a  closed  cir- 
cuit, through  which  the  current  con- 
tinually flows.  This  gives  direction 
iy  battery.  ^^  ^j^^  motiou  of  the  ions,  so  that  the 
'Cu  ions  are  confined  to  the  lower  part  of  the  jar  in  contact 
with  the  copper  plate,  as  shown  by  the  blue  color  of  this  solution, 
while  the  H  ions,  as  well  as  the  Zn  ions,  remain  in  the  colorless 
electrolyte  above.  This  separation  of  the  two  fluids  by  gravity  is 
the  easier  to  accomplish  from  the  fact  that  a  solution  of  CuSO^ 
mingles  by  diffusion  very  slowly  indeed  with  the  clear  overlying 
liquid.  Even  this  tendency  toward  diffusion  would  ultimately  ef- 
fect a  mingling  of  the  two  liquids,  were  it  not  for  the  fact  that  the 
Cu  ions  are  repelled  downwards  toward  the  copper  plate  by  the  H 
and  the  Zn  ions  of  tlie  upper  electrolyte.  The  great  specific 
gravity  of  a  CuSO,  solution  and  the  slow  rate  of  diffusion  which 
this  liquid  possesses  are  the  agents  which  are  effectual  in  keep- 
ing apart  the  two  liquids  of  the  gravity  battery. 

403.  The  Grove  Battery.  Another  form  of  the  two-fluid  bat- 
tery which  has  proved  most  serviceable  in  the  past,  although  it 
is  used  but  little  at  the  present  time,  is  the  Grove  battery.  In 
this  cell  also  a  porous  partition  separates  the  two  electrolytes, 
the  zinc  in  a  solution  of  IIoSO^  being  on  one  side,  and  a  strip 
of  platinum  immersed  in  strong  nitric  acid  being  on  the  other. 
The  platinum  has  a  solution  tension  which  is  even  less  than  that 
of  copper,  and  hence  the  electromotive  force  of  this  cell  is 
slightly  greater  tlian  that  of  the  Daniell  battery. 
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The  action  of  the  Grove  cell  is  similar  to  that  of  the  Daniell 
battery,  in  that  the  zinc  dissolves  in  the  H0SO4  electrolyte,  an 
ion  of  Zn  repelling  two  H  ions,  and  these  two  others,  and  so 
on,  until  two  H  ions  pass  through  the  porous  partition.  On  the 
other  side  of  this  partition  these  two  H  ions  repel  two  other  II 
ions,  these  two  repel  still  two  others,  and  so  on,  until  finally  two 
H  ions  touch  the  platinum  plate.  Two  electrons  then  flow  from 
the  i^latinum  plate  upon  these  ions,  thereby  raising  the  poten- 
tial of  the  plate,  and  changing  the  ions  into  free  H  atoms.  These 
free  II  atoms,  watli  their  free,  active,  chemical  bonds,  here  en- 
counter the  strong  nitric  acid,  which  is  a  powerful  oxidizing 
agent,  and  this  oxidizes  the  two  H  atoms,  an  atom  of  oxygen 
from  the  nitric  acid  uniting  with  these  two  H  atoms  to  form 
a  molecule  of  water  H.O.  Hydrogen  bubbles,, therefore,  cannot 
collect  upon  the  platinum  plate,  because  they  are  oxidized  as 
soon  as  formed,  and  hence  polarization  is  prevented. 

Altliough  this  ])attery  is  most  efficient,  having  a  high  electro- 
motive force  and  a  low  internal  resistance,  it  has  been  but  little 
used  owing  partly  to  the  great  expense  of  the  platinum  plates, 
and  partly  to  the  corrosive  fumes  which  are  produced  by  the 
nitric  acid  when  this  is  reduced  in  the  process  of  oxidizing  the 
hydrogen.  The  first  objection  is  practically  removed  in  the  Bun- 
sen  battery,  where  the  platinum  is  replaced  by  a  plate  of  carbon ; 
but  the  corrosive  acid  fumes  are  so  deleterious  that  even  this 
excellent  battery  has  found  but  little  favor. 

404.  The  Bichromate  Battery.  A  battery  more  successful 
for  general  use  is  the  bichromate  battery,  which  consists,  in  its 
essentials,  of  a  plate  of  zinc  in  an  HoSO^  electrolyte,  and  a  plate 
of  carbon  also  in  a  solution  of  H.SO^,  to  which,  however,  a 
quantity  of  potassium  bichromate  has  been  added.  The  bich- 
romate solution  is  a  fairly  good  oxidizing  agent,  and  by  this 
means  the  hydrogen  is  oxidized,  as  in  the  Grove  and  the  Bunsen 
batteries,  thus  avoiding  polarization.  Although  the  fumes  are 
thus  eliminated,  the  bichromate  solution  soon  becomes  exhausted, 
so  that  the  action  of  tliis  battery  is  somewliat  limited. 

405.  The  Leclanche  Battery.  Tlie  Lcfbinchr.  or  door-lx-ll 
battery,  is  a  single-fluid  l)attery,  containing  a  zinc  and  a  carbon 
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plate  ill  a  solution  of  auiuiouiiiin  chloride.  In  some  forms,  the 
ineffectual  attempt  to  jDrevent  polarization  is  made  by  surround- 
ing the  carbon  plate  Avith  manganese  dioxide,  which  to  a  small 
extent  oxidizes  the  hydrogen.  Even  under  the  most  favorable 
conditions,  however,  the  battery  polarizes  rapidly,  so  that  it 
must  be  used  exclusively  for  open-circuit  work,  that  is,  for 
intermittent  currents  or  currents  of  very  short  duration,  such 
as  those  which  are  used  in  ringing  a  vibrating  bell. 

It  may  be  said,  in  general,  that  primary  batteries  of  all  forms 
are  rapidly  going  out  of  use,  owing  to  the  prevalence  of  the 
more  convenient  storage  battery,  and  the  universal  introduction 
of  the  dynamo  for  purposes  of  power  and  light. 

406.  The  Practical  Unit  of  Electromotive  Force— The  Volt. 

We  have  seen  that,  in  view  of  the  solution  tensions  of  zinc  and 
copper,  a  perfectly  definite  difference  of  potential  exists  be- 
tween the  two  plates  of  a  battery.  Although  batteries  differ 
greatly  in  their  construction  and  materials,  the  electromotive 
forces  of  all  good  batteries  are  just  about  the  same,  and  do  not 
differ  greatly  from  that  of  the  Daniell  cell.  "With  the  introduc- 
tion of  batteries,  came  also  the  demand  for  a  imit  in  terms  of 
which  to  measure  and  compare  electromotive  forces,  and  it  was 
seen  that  the  most  convenient  unit  would  be  one  which  was  as 
near  as  possible  the  electromotive  force  of  the  Daniell  battery. 
Inasmuch  as  the  electrostatic  unit  of  potential  (p.  356)  is 
about  three  hundred  times  greater  than  the  electromotive  force 
of  the  Daniell  cell,  a  unit  equal  to  3/,^  of  this  electrostatic 
unit  was  adopted  as  the  working  unit  of  electromotive  force, 
and  this,  in  honor  of  the  Italian  discoverer  Yolta,  tvas  called 
the  volt.  The  volt  therefore  is  the  practical  or  working  unit  of 
electromotive  force  in  current  electricity,  and  may  be  ]5rovision- 
ally  defined  as  a  unit  equal  to  3^^  of  the  electrostatic  unit  of 
difference  of  potential. 

For  reasons  which  will  he  pointed  out  later,  still  another  sys- 
tem of  electrical  units,  known  as  the  electromagnetic,  is  in 
common  use,  and  it  is  to  the  units  of  this  system  that  all  meas- 
urements Avhich  have  to  deal  Avith  dA'iiamic  or  current  elec- 
tricity are  referred.  Besides  the  A^olt,  then,  there  is  also  an  elec- 
tromagnetic unit  of  electromotiA'e  force,  Avhicli  Avill  be  defined 
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in  tei-nis  of  C.  (f.  S.  units  ;it  anotlier  time.  This  nnit,  how- 
ever, is  exceedingly  small ;  and  beeaiise  of  its  extreme  minute- 
ness a  nudtiple  by  ]()0,(){)0,0()0  was  taken  arbitrarily  in  order 
to  obtain  a  working  unit  wliidi  sliould  l)e  a  multiple  by  10  of 
the  electromagnetic  unit,  and  still  represent  as  nearly  as  possi- 
ble the  electromotive  force  of  the  Daniell  cell.  The  volt  is 
tli.'refort'  defined  as  1(1",  or  l(!(),!IOll.()(M),  C.  (I.  S.  electromagnetic 
units  of  electromotive  force. 

407.  Batteries  Connected  in  Series.  Since  a  flow  of  elec- 
trons is  produced  hy  a  difference  of  ijotential,  the  tiow  may  be 
increased,  that  is,  the  current  may  be  made  stronger,  other 
things  being  equal,  by  increasing  the  difference  of  potential  be- 
tAveen  the  terminals  of  the  battery.  It  must  be  remembered,  how- 
ever, that  the  differences  of  potential  which  occur  in  bat- 
teries are  relatively  very  small  indeed,  and  that  it  is  most  de- 
sirable, if  possible,  to  increase  this  difference. 

At  first,  it  might  seem  that  making  a  battery  with  very  large 
plates  would  produce  a  greater  difference  of  potential,  but  upon 
testing  this  we  find  that  tlie  electromotive  force  of  a  battery 
witli  very  large  plates  is  no  greater  than  that  of  a  battery  with 
very  small  plates.  A  second  reflection  will  show,  indeed,  that 
this  nnist  be  so,  for  we  have  seen  tliat  the  electromotive  force 
of  a  battery  depends  upon  the  solution  tension  of  the  two  metals 
in  the  fluids  of  the  battery,  and  this  is  just  as  great  for  a  bat- 
tery with  very  small  plates  as  for  one  with  very  large  plates. 

Accordingly,  w^e  see  that  ihc  dcctromolivc  force  of  a  hattrry 
depends  altogether  upon  tlic  nature  of  the  plates  and  the  kind 
of  fluids  in  the  hattcry  into  which  these  are  placed,  and  does 
not  depend  at  all  upon  the  size  of  the  plates,  or  their  distance 
apart,  or  the  quantity  of  the  liquid  or  liquids  present.  It  is 
true  that  it  is  desiral)h'  to  have  batteries  with  large  plates,  but 
this  is  for  the  purpose  of  decreasing  the  resistance  to  the  flow 
of  electricity,  and  also  for  providing  plates  that  will  not  soon 
])ecome  exhausted  by  the  action  of  the  batti'i-y  :  but  the  great 
fact  is  constantly  to  l)e  borne  in  mind  that  tlie  electromotive 
force  of  a  battery  is  absolutely  independent  of  tlie  shape,  or  size, 
or  distance  apart,  of  the  plates,  and  depends  only  upon  the  ma- 
terial of  the  plates  and  Ihr  nature  of  thr  liquids  in  which  they 
are  placed. 
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It  is  possible,  however,  by  using  several  batteries,  so  to  join 
them  that  the  difference  of  potential  between  the  first  and  the 
last  may  be  increased.  If  the  copper  of  the  first  cell  is  joined 
to  the  zinc  of  the  second,  the  copper  of  the  second  cell  to  the 
zinc  of  the  third,  and  so  on,  the  cells  are  said  to  be  joined  in 
scries.  When  n  similar  cells  are  joined  in  series,  the  electromo- 
tive force  of  the  comhination  is  n  times  the  electromotive  force 
of  a  single  cell.  That  this  is  so  may  be  seen  by  examining  the 
potentials  in  each  cell  throughout  the  series. 

If  \\e  imagine  the  zinc  of  the  first  cell  to  be  connected  with 
the  earth,  Fig.  254,  its  potential  is  zero.  By  the  action  of  the 
cell,  the  copper  is  always  at  a  higher  potential  than  the  zinc, 
and  we  will  assume  this  difference  to  be  1  volt.    Accordingly,  if 
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the  potential  of  tlie  first  zinc  is  zero,  the  j^otential  of  the  copper 
in  the  first  cell  is  1  volt.  This  copper,  however,  is  connected  by 
a  wire  with  the  zinc  of  the  second  cell,  and,  therefore,  the  zinc 
of  the  second  cell  is  at  1  volt.  But  the  copper  in  a  cell  is  always 
1  volt  higher  in  potential  than  the  zinc  of  that  cell,  therefore 
the  potential  of  the  copper  in  the  second  cell  is  2  volts.  This 
copper  is  now  connected  by  a  wire  to  the  zinc  of  the  third  cell, 
hence  this  zinc  is  at  a  potential  of  2  volts,  and  the  copper  is  1 
volt  higher,  or  at  3  volts.  In  the  same  way,  the  copper  of  the 
third  cell  is  connected  by  a  conductor  to  the  zinc  of  the  fourth, 
hence  this  is  at  a  potential  of  3  volts,  while  the  copper  of  the 
fourtli  cell  is  at  a  potential  of  4  volts.  The  difference  of  po- 
tential between  the  zinc  of  the  first  cell  and  the  copper  of  the 
last  cell  is,  in  tliis  instance.  4  volts,  or  4  times  the  difference  of 
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potential  of  a  single  cell.  Bij  joitiiiig  cdls  in  scrks,  iherefore,  a 
diffcnnce  of  poicniiul  is  ohtained  equal  to  that  of  a  single  cell 
multiplied  l)y  the  number  of  cells  so  joined. 

408.  Batteries  Connected  in  Multiple,  or  Parallel.    There  is, 
however,  another  nn'thod  of  joining  eells,  called  connecting  them 
in  multiple,  or  in  primlkl.     When  cells  are  joined  in  multiple, 
all  tlie  copper  plates  are  connected  together  and  all  the  zinc 
plates   are   likewise   connected  together,   Fig.   255.     A   flow   of 
current  is  then  obtained  by  connecting  any  point  of  the  wire 
which  unites  tlie  copper  plates  with  any  part  of  tlie  wire  which 
joins  together  the  zinc  plates. 
Ann  number  of  cells  connected  in  mul- 
tiple, however,  produce  only  the  clec- 
tromolive  force  of  ei  single  cell.     This 
becomes  at  once  obvious  by  consider- 
ing tliat  if  the  zincs  are  connected  by 
a  Avirc  they  must  all  assume  a  common 
potential,  and  if  the  coppers  are  con- 
nected Ijy  a  wire  they  must  likewise  be 
at  one  potential.     Inasmueli,  however, 
as  the   copper   in   any   cell   is    1   volt 
higher  than  the  zinc  of  that  cell,  the 
potential  of  the  M'hole  number  of  the 
coppers,  which  arc   all   connected  to- 
gether, can  be  only  1  volt  higher  than 
the  potential  of  tlie  entire  number  of 
zincs,    which    are    also    connected    to- 
gether.    It  is  seen,  therefore,  that  the 
electromotive  force  of  any  number  of 
battery  cells  connected  in  midtiple  is 
just  the  same  eis  the  electromotive  force  ^'"in^f^iiiUipK^'Vi.'^^.aner''"'^ 
of  ei  single  ceil,  that  is,  the  electromo- 
tive force  remains  unchanged  by  connecting:  cells  in  multiph". 

This  may  be  seen  from  another  point  of  view  by  remembering 
that  in  a  battery  joiiinl  in  multiple  the  zinc  plates,  Avhieh  are 
all  connected  together,  act  as  one  great  zinc  plate,  and  the  copper 
plates,  which  are  all  connected  together,  act  as  one  great  copper 
plate:  and  since  tlie  electromotive  force  is  indepnidcnt  of  the 
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size  of  the  plates,  it  follows  that,  Avhether  the  battery  eonsists 
of  one  eell  or  of  many  cells  connected  in  multiple,  the  difference 
of  potential  remains  just  the  same. 

A  striking  illustration  of  the  absolute  independence  of  the 
electromotive  force  of  a  battery  upon  the  size  of  the  plates  is 
obtained  by  making  a  cell  of  a  copper  gun-cap  and  a  slender 
strip  of  zinc,  moistened  Avith  a  single  drop  of  water.  If  the 
plates  ajid  the  liquid  are  of  the  same  nature  as  those  in  a  bat- 
tery with  much  larger  plates,  the  electromotive  forces  of  the 
two  will  be  found  to  be  the  same. 


CHAPTER  XXXIII. 

ELECTROLYSIS. 

409.  Electrolysis.  If  two  platinum  plates  are  placed  a  little 
distance  apart  in  an  electrolyte  and  connected  with  the 
poles  of  a  battery,  the  action  of  the  battery  will  maintain 
these  plates  at  a  constant  difference  of  potential,  so  that  the 
plate  connected  with  the  copper  will  be  charged  positively  and 
be  at  high  potential,  and  that  connected  with  the  zinc  will  be 
charged  negatively  and  therefore  be  at  low  potential.  These 
charged  plates  now  exert  electrostatic  attractions  and  repulsions 
upon  the  ions  of  the  electrolyte.  The  high  potential  plate  will 
repel  positively  charged  ions  and  attract  negatively  charged  ions, 
and  the  low  potential  plate  will  repel  negatively  charged  ions 
and  attract  positively  charged  ions. 

Thus,  from  the  fact  that  two  plates,  one  at  high  potential  and 
the  other  at  low  potential,  are  placed  in  the  electrolyte,  the  motion 
of  the  ions  is  directed,  the  positively  charged  ions  moving  toward 
the  negatively  charged  plate  and  the  negatively  charged  ions 
moving  toward  the  positively  charged  plate.  In  this  way  direc- 
tion is  given  to  the  motion  of  the  ions  which  thus  form  a  double 
procession,  those  charged  positively  all  moving  one  way  and 
those  charged  negatively  moving  the  other.  When  these  charged 
ions  finally  touch  the  plates  towards  Avhich  they  are  moving,  they 
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become  disci  I  a  !•♦;•(  ■(!,  one  t'lccti-ou  for  each  bond  flowing  from  the 
negatively  charged  ion  to  tlie  liigli  potential  plate,  and  likewise 
one  electron  for  each  bond  flowing  from  the  low  potential  plate 
to  the  positively  charged  ion.  The  ions  then  become  free  chem- 
ical atoms;  and  since  a  single  chemical  atom  seldom  remains  by 
itself,  one  such  atom  joins  Avith  another  to  form  a  molecule. 
Thus  a  molecule  of  one  part  of  the  dissociated,  substance  is  de- 
posited upon  one  plate,  and  a  molecule  of  the  other  part  of  the 
dissociated  substance  is  deposited  upon  the  other  plate.  In  this 
way.  by  the  action  of  a  battery  which  maintains  a  constant  dif- 
ference of  potential  between  these  plates,  the  consUfuent  parts 
of  the  dcctrolytc  arc  hil^cn  out  of  solution  and  deposited  upon 
ilie  iu-o  plates. 

This  ])i-ocess,  which  is  called  (Icctroh/sis,  consists  therefore,  in 
discharging  the  io)is  of  (oi  (hctrolyte  and  depositing  them  as 
cliemival  substances  npon  plates  connected  with  a  hattery.  The 
two  plates  upon  which  these  chemical  substances  are  deposited 
ate  known  as  the  r!<rtrod(s,  the  one  at  high  potential  being 
calbnl  the  anod< ,  and  the  one  at  low  potential  the  cathode.  The 
tank  itself  iu  which  this  decomposition  takes  place  is  called  an 
electrolytic,  or  decomposing  cell. 

410.  The  Electrolysis  of  Dilute  Sulphuric  Acid— The  Decom- 
positicn  of  Water.  In  order  to  follow  this  process  of  elec- 
trol.Nsis  in  a  specific  case,  let  us  assume  that  the  electrolyte  is 
dilute  sulphuric  acid,. 
H._.SO^.  We  then  have  pres- 
ent positively  charged  TI 
ions,  each  having  one 
chemical  bond,  and  nega- 
tively charged  S0_^  ions 
each  with  two  chemical 
bonds.  The  positively 
charged  II  ions  now  move 
toward  the  cathode,  Fig. 
256,  and  the  negatively 
charged  80^  ions  move 
towards  the  anode.  These 
ions  are  discharged  as  soon 
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as  they  touch  their  respective  electrodes,  and  so  become  free 
chemical  particles.  Two  hydrogen  ioHs  are  thus  deposited  upon 
the  cathode  for  every  single  SO4  ion  that  is  deposited  upon  the 
anode.  An  atom  of  H  unites  with  another  atom  of  H  to  form 
a  molecule,  and  molecules  collect  to  form  a  bubble  which  appears 
as  such  upon  the  cathode. 

The  SO^  at  the  anode,  how^ever,  is  a  very  unstable  chemical  com- 
pound. As  long  as  it  remains  charged,  it  is  perfectly  inactive, 
but  as  soon  as  it  is  discharged  by  touching  the  anode,  it  breaks  up 
into  0  and  SO.,  according  to  the  reaction 

SO,  =  SO3  +  0. 

The  sulphur  trioxide,  SO^,  which  is  chemically  very  active,  now 
unites  witli  a  molecule  of  water,  PLO,  as  follows: 

SO,  +  H.O  =  H.SO,. 

The  molecule  of  HoSO,  thus  formed  is  at  once  dissociated  into 
two  H  ions  and  one  SO^  ion,  and  therefore  the  number  of  these 
ions  in  the  electrolyte  is  now  just  as  great  as  at  first.  The  atom 
of  O,  which  is  thus  set  free  by  the  breaking  up  of  the  SO,  radi- 
cal, unites  with  another  atom  of  0  to  form  a  molecule  of  oxygen, 
and  the  molecules  form  a  bubble  which  api^ears  upon  the  anode. 

Accordingly,  while  hydrogen  gas  bubbles  up  at  the  cathode,  ^ 
oxygen  gas  is  given  off  from  the  anode.  ^Moreover,  it  is  to  be 
noticed  that  for  every  two  molecules .  of  hydrogen  which  thus 
appear  at  the  cathode,  only  one  molecule  of  oxygen  is  formed 
at  the  anode,  or  in  other  words,  the  volume  of  hydrogen  which 
is  thus  set  free  is  twice  as  great  as  the  volume  of  oxygen.  In 
the  process  of  the  electrolysis  of  dilute  HoSO,,  therefore,  while 
it  is  true  that  the  two  parts  of  this  substance  appear  at  the 
electrodes,  the  secondary  reactions  which  take  place  at  the  anode 
cause  a  molecule  of  water  to  break  up  and  again  to  form  a  mole- 
cule of  HoSO,.  It  is,  therefore,  ultimately  the  HoO  which  is 
decomposed  by  electrolysis,  while  the  amount  of  H^SO^  remains 
perfectly  constant  in  the  solution.  Thus  by  electrolytic  processes 
it  is  seen  that  M^ater  consists  of  two  volumes  of  hydrogen  com- 
bined with  one  volume  of  oxygen. 
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411.  Counter  Electromotive  Force  Due  to  Electrolysis.  Li- 
vostigcitioii  shows  that  tlie  presence  oi'  the  oxygen  and  the  hydro- 
gen bubbles  whieh  gather  upon  the  electrodes  produce  a  counter 
electromotive  force  somewhat  greater  than  that  of  the  Daniell 
battor\^  Since  this  counter  electromotive  force  opposes  the  ac- 
tion of  the  direct  electromotive  force,  it  is  evident  that  a  battery 
having  a  higher  electromotive  force  than  the  Daniell  cell  is 
necessary  to  decompose  water.  Accordingly,  one  Daniell  bat- 
tery Avill  not  electrolyze  water,  while  two  in  series  will  do  so 
readily. 

412.  The  Electrolysis  of  Various  Salts.  If  copper  sulphate, 
CuSO^,  is  subjected  to  electrolysis,  the  positively  charged  Cu 
ions  will  move  towards  the  negative  cathode  and  be  deposited  as 
metallic  copper  upon  it,  while  the  negatively  charged  SO^  ions 
will  move  toward  the  positive  anode  and  be  for  an  instant  de- 
posited upon  it.  The  secondary  reaction  at  this  electrode,  how- 
ever, as  described  above,  will  at  once  take  place,  according  to 
the  following  reaction : 

SO,    rrr    SO3    +    0 

SO3  +  H,0  =  IT.SO, 

HoSO,  =  H,  H,  SO,  (ions)  ; 

so  that  while   metallic  copper  is  deposited  upon  the  cathode, 
oxygen  gas  will  bubble  up  at  the  anode. 

If  the  substance  to  be  eleetrolyzed  is  sodium  chloride,  NaCl, 
the  Na  will  appear  as  metallic  sodium  at  the  cathode  and  the  CI 
Avill  be  deposited  as  gaseous  chlorine  at  the  anode.  If,  now,  the 
electrolyte  is  colored  red  with  litmus,  the  chlorine,  which  ap- 
pears at  the  anode,  and  Avhich  is  a  strong  bleaching  agent,  Avill 
destroy'  all  trace  of  color,  so  that  the  solution  around  the  axiode 
becomes  colorless.  At  the  cathode,  however,  a  secondary  re- 
action takes  place  due  to  the  fact  that  the  free  metallic  sodium 
which  is  deposited  upon  this  electrode  cannot  exist  as  such  in 
the  presence  of  water.  The  sodium,  accordingly,  attacks  a  mole- 
cule of  water  according  to  the  following  reaction : 
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Na  +  irx)  =  NaOII  H-  II. 

The  NaOH,  wliieli  dissociated  at  once  into  Na  and  OH  ions,  is 
an  alkali,  and  so  changes  the  litmus  solution  from  red  to  blue. 
Accordingly,  if  a  solution  of  NaCl  is  reddened  with  litnuis  and 
subjected  to  electrolysis,  chlorine  gas  -will  be  given  off  at  the 
anode  and  hydrogen  gas  at  the  cathode,  while  at  the  same  time 
the  color  will  disappear  in  the  liquid  around  the  anode,  and 
Avill  change  from  red  to  blue  about  the  cathode. 

If  a  solution  of  sodium  sulpliate,  Na^SO^,  is  subjected  to 
electrolysis,  the  Xao  will  be  dej^osited  upon  the  cathode  and  the 
SO^  will  appear  at  the  anode.  In  this  case  secondary  reactions 
will  take  place  at  both  electrodes.  At  the  anode,  the  SO^  breaks 
up  into  SOo  and  0,  the  0  being  set  free  and  the  SO.,  at  the  same 
time  uniting  Avith  a  molecule  of  II^O  to  form  HoSO^.  At  the 
cathode  the  Na.,  unites  with  two-  molecules  of  HoO,  forming 
2NaOH  and  setting  free  211.  Accordingly,  the  solution  around 
the  anode  l)ecomes  acid  and  will  turn  litmus  red,  while  that 
around  the  cathode  becomes  alkaline  and  will  turn  litmus  blue. 
^Moreover,  O  appears  at  the  anode  and  11  at  the  cathode  in  the 
proportion  of  two  volumes  of  II  to  one  volume  of  O. 

In  all  these  examples  of  electrolysis  it  is  to  be  noticed  that  in 
every  instance  the  metallic  and  theli  ions  are  positively  charged, 
and  therefore  the  metals  and  hydrogen  are  ahvays  deposited 
upon-  the  negative  plate.  ^Moreover,  the  acid  radicals  in  the  elec- 
trolyte, such  as  SO^f  and  CI,  are  always  negatively  charged,  and 
therefore  the  acids  and  also  oxygen  are  always  liberated  at  the 
positive  plate. 

A  striking  experiment  in  electrolysis,  in  which  the  metallic 
ions  may  be  seen  to  deposit  themselves  upon  the  negative  elec- 
trode in  wonderfully  beautiful  and  delicate  groups,  is  performed 
when  a  current  of  electricity  is  sent  through  a  solution  of  the 
sugar  of  lead.  The  positively  charged  lead  ions  move  towards 
the  cathode,  and  are  deposited  as  metallic  lead  upon  it.  The 
lead,  however,  does  not  form  an  even  coating  upon  this  electrode, 
but  is  deposited  in  a  series  of  crystals,  whicli  are  seen  to  grow 
out  from  the  cathode  in  delicate,  fern-like  branches,  these 
branches  having  other  branches,  and  so  on,  until  the  whole  forms 
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a  beautiful  sti-uctuie  which  has  been  most  appropriately  called 
the  lead  tree. 

413.  The  Flow  of  Current  Through  an  Electrolyte.  Through- 
out these  illustrations  of  electrolysis,  and,  in  truth,  in  every  in- 
stance in  which  a  directed  motion  is  imparted  to  the  ions  of  an 
electrolyte,  this  one  all-important  and  most  fundamental  fact 
must  constantly  be  borne  in  mind,  that  tJie  directed  motion  of 
the  ions  in  an  electrolyte  is  the  current  of  electricity  flowing 
through  the  electrolyte.  This  is  simply  saying  that  a  current  of 
electricity  cannot  flow  through  an  electrolyte  except  as  it  is 
canned  hodily  upon  the  ions.  Accordingly,  the  negatively 
charged  ions  move  towards  the  high  potential  electrode  and 
give  to  it  one  election  for  each  chemical  bond,  while  the  posi- 
tively charged  ions  move  towards  the  low  potential  electrode 
and  receive  from  it  likewise  one  electron  for  each  bond.  The 
electrons  therefore  flow  from  the  negatively  charged  ionsi  off 
upon  the  anode  on  one  side  of  the  electrolytic  cell,  and  from  the 
cathode  off  upon  the  .positively  charged  ions  on  the  other  side 
of  the  cell.  Each  ion  as  it  moves  through  the  electrolyte  acts 
as  a,  little  carrier,  and  carries  with  it  its  electrical  charge;  and 
this  directed  movement  of  these  cluirged  ions,  the  positive  ions, 
all  moving  one  ivay,  and  the  negative  ions  all  moving  the  other, 
is  the  current  of  electricity  flowing  through  the  electrolyte. 

An  aqueous  solution  of  a  substance  cannot  conduct  electricity 
unless  ions  are  present,  pure  water  itself,  which  contains  at  most 
only  a  small  number  of  ions  due  to  its  own  dissociation,  being 
practically  a  non-conductor.  Indeed,  water  has  been  so  com- 
jDletely  freed  from  all  ions  of  dissolved  substances,  and  thereby 
rendered  so  poor  a  conductor,  tliat  electricity  will  experience 
greater  resistance  in  passing  through  a  column  of  water  one 
millimeter  long  than  in  passing  a  thousand  times  around  the 
earth  through  a  copper  wire  of  the  same  cross-section. 

414.  Provisional  Definition  of  the  Unit  Current — The  Am- 
pere. In  the  work  which  lias  preceded,  we  have  spoken  of  a 
tlow  of  electricity,  or  the  electric  current,  without,  however, 
giving  attention  to  the  method  by  which  this  flow  is  measured, 
or  to  the  meaning  attached  to  tlie  terms,  the  strength,  or  the 
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intensity,  of  the  current.  These  are  expressions  of  great  import- 
ance and  of  frequent  occurrence  in  the  study  of  electricity,  and 
will  be  defined  in  terms  of  C.  G.  S.  units  at  a  later  time.  It 
will  perhaps  suffice  to  say  here,  however,  that  the  strength  of  the 
current  is  measured  in-  terms  of  a  unit  called  the  ampere,  where 
the  ampere  may  be  provisionally  defined  as  the  current  whieli  in  a 
unit  of  time  will  deposit  a  certain  amount  of  a  particular  metal 
upon  the  cathode  of  an  electrolytic  cell.  Copper  is  the  metal 
ordinarily  used,  though  on  many  accounts  silver  is  preferable, 
as  it  gives  results  of  greater  accuracy.  Accordingly,  a  current 
of  1  ampere  is  a  current  of  such  strength  that  it  will  deppsit 
0.0011180  grams  of  silver,  or  0.0003281  grams  of  eopper  in  one 
second. 

In  its  proper  place,  another  unit  of  current,  known  as  the 
electromagnetic  unit  will  be  defined,  and,  indeed,  it  is  from  this 
unit  that  the  ampere  has  been  derived.  The  electromagnetic 
unit  of  current  is  relatively  a  very  strong  current ;  and  in 
order  to  obtain  a  unit  that  should  more  nearly  equal  the  cur- 
rents ordinarily  used,  -  of  thisi  unit  was  arbitrarily  taken  as 
a  practical  or  working  unit,  and  was  called  the  ampere.  The 
ampere,  therefore,  is  defined  as    1   of  the  electromagnetic  unit  of 

10 

current. 

415.  The  Unit  of  Quantity- -The  Coulomb.  Having  thus,  at 
least  provisionally,  dt'fined  the  ampere,  which  is  the  working 
unit  of  current,  it  is  now  possible  to  determine  another  electrical 
unit,  namely,  that  of  quantity.  The  practical  unit  quantity  of  elec- 
tricity in  the  electromagnetic  system  is  called  the  coulomh,  and  is 
defined  as  the  total  quantity  of  electricity  whicli  passes  through  a 
conductor  when  a  constant  current  equal  to  1  ampere  flows  for  1 
second.     The  coulomb,  thei'cfore,  is  an  ampere  per  second,  or 

coulombs  =  amperes  X  seconds.    ' 

Thus,  the  coulomb  is  the  unit  quantity  of  electricity  derived 
from  the  electromagnetic  system,  and  so  is  not  the  same  as  the 
electrostatic  unit  of  quantity  previously  defined  (p.  339) .  Indeed, 
as  it  would  require  3X10^  or  3,000,000,000  electrostatic  units  of 
electricity^  to  equal  1  coulomb,  it  is  seen  that  the  actual  quantity 
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of  olcetrieity  developed  by  batteries  is  enonuously  greater  than 
tliat  to  wiiicli  till'  oi'diiiary  i>h<'noiiieiia  of  eleetrostatics  are  due. 

41C.  The  Laws  of  Electrolysis.  It  is  to  tlic  great  English 
physieist.  Faraday,  that  we  owe  our  knowledge  of  the  quantita- 
tive laws  aeeordiiig  to  which  electrolysis  takes  place.  These 
laws,  which  are  three  in  number,  and  which  are  still  known  as 
Faraday's  laws,  may  1)e  eniimcrate(l  as  follows: 

1.  The  amount  of  substance  deposited  upon  the  electrodes 
by  a  current  of  given  strength  is  proportional  to  the  time  of  flow 
of  the  current. 

2.  The  amount  of  substance  deposited  in  a  given  time  by  the 
current  is  proportional  to  the  strength  of  the  current. 

3.  If  the  same  current  is  sent  through  several  electrolytic 
cells  in  series,  the  amount  of  substance  deposited  in  each  cell  is 
proportional  to  the  chemical  equivalent  of  that  substance. 

417.  Discussion  of  the  First  Law.  As  regai-ds  Faraday's 
first  law,  it  is  plain  that,  because  of  the  constant  difference  of 
potential  which  is  maintained  between  the  electrodes,  the  ions 
have  a  defuiite  rate  of  travel  through  the  electrolyte.  Accord- 
ingly the  number  of  ions  per  second  that  pass  a  given  cross-sec- 
tion of  the  cell  remains  constant,  and  therefore  the  number  per 
second  that  are  deposited  upon  the  electrodes  likewise  remains 
constant.  From  this  it  is  obvious  that  the  number  that  are  thus 
deposited  in  a  given  time  depends  upon  the  length  of  that  time, 
or  that  the  amount  of  the  substance  deposited  upon  the  electrodes 
by  the  current  is  proportional  to  the  time  for  which  the  current 
flows. 

418.  The  Second  Law.  Tlie  truth  of  Faraday's  second  law 
may  also  be  .seen  at  once  by  remembering  that  the  flow  of  Cur- 
rent through  an  electrolyte  means  the  directed  movement  of  the 
ions,  as  well  as  the  discharge  of  these  ions  and  their  deposition 
upon  the  electrodes.  That  is  to  say,  electricity  cannot  flow 
through  an  electrolyte  unless  it  is  carried  as  individual  charges 
upon  the  ions,  and  the  ions  cannot  be  deposited  upon  the  elec- 
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trodes  until  they  are  discharged.  The  discharge  of  a  positively 
•charged  ion,  however,  necessitates  the  flow  upon  it  from  the 
cathode  of  one  electron  for  each  bond  that  thus  becomes  free, 
and  the  discharge  of  a  negatively  charged  ion  requires  the  flow 
from  this  ion  to  the  anode  likewise  of  one  electron  for  each  chem- 
ical bond. 

It  is  thus  seen  that  the  deposition  upon  each  electrode  of  a 
single  ion  is  invariaMy  and  incvitahly  associated  with  the  flow 
through  the  circuit  of  a  perfectly  definite  number  of  electrons; 
and  as  the  movement  of  electrons  through  the  circuit  constitutes 
the  electric  current,  it  is  evident,  in  the  fullest  sense  of  the  word, 
that  the  number  of  ions  thus  deposited  is  absolutely  proportional 
to  the  strength  of  the  current  which  flows. 

Since  in  the  coulomb  we  have  a  unit  quantity  of  electricity 
which  embodies  the  element  of  time  as  well  as  the  strength  of  the 
•current,  we  may  combine  Faraday's  first  and  second  laws  into 
one,  as  follows : 

1  and  2.  The  amount  of  substance  deposited  in  an  electrolytic 
cell  is  proportional  to  the  number  of  coulombs  of  electricity  that 
have  passed. 

419.  The  Flow  of  the  Current  Through  Electrolytes  of  Dif- 
ferent Valencies.  Before  it  is  possible  to  discuss  Faraday's 
third  law,  it  is  necessary  to  show  the  effect  of  the  current  in 
electrolytic  cells  containing  ions  which  have  different  n  umbers  of 
chemical  bonds,  or  different  valencies. 

All  chemical  elements  are  divided  into  groups  or  classes  ac- 
cording to  the  number  of  chemical  bonds  which  the  atoms  of 
these  elements  possess.  Those  with  a  single  bond,  such  as  hydro- 
gen, sodium,  silver,  chlorine,  are  called  monads,  and  are  said  to 
be  mionovalent ;  those  ivith  tivo  bonds,  such  as  zinc,  copper,  nickel, 
oxj^gen,  SO^,  are  called  dyads,  or  are  bivalent;  those  with  three 
bonds,  such  as  gold  and  nitrogen,  are  called  triads,  or  are  tri- 
/  valent,  etc. 

If,  now,  a  number  of  electrolytic  cells  are  joined  in  series,  so 
that  the  current  which  flows  through  one  must  flow  through  all, 
and  if  the  several  cells  contain  ions  of  different  valencies,  it  may 
be  shown  that  the  same  number  of  chemical  bovds  must  be  set  free 
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in  each  cell.  Indeed,  we  may  sfe  that  this  must  be  the  case  if  we 
consider  that  the  current  wliich  Hows  from  one  cell  to  the  next, 
and  that  therefore  the  current  which  tiows  throughout  the  entire 
circuit,  is  simply  the  electrons  that  flow  from  the  cathode  off 
upon  the  positively  charged  ions  on  one  side  of  the  electrolj'tic 
cell,  and  from  the  negatively  charged  ions  off  upon  the  anode  on 
the  other. 
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Fig.  257.     Electrolytic  cells  in  series. 


For  example,  if  there  are  three  such  electrolytic  cells,  Fig.  257, 
the  first  containing  a  solution  of  hydrochloric  acid,  HCl,  the 
second  a  solution  of  silver  nitrate,  AgNO.,  and  the  third  a  solu- 
tion of  copper  sulphate,  CuSO^,  and  if  a  current  is  sent  through 
these  cells  in  a  series,  H  will  be  deposited  upon  the  cathode  and 
CI  upon  the  anode  of  the  first  cell,  Ag  upon  the  cathode  and  NO;., 
upon  the  anode  of  the  second  cell,  and  Cu  upon  the  cathode  and 
SO^  upon  the  anode  of  the  third  cell.  That  is  to  say,  in  the  first 
cell  an  electron  from  the  battery  fiows  off  from  the  cathode  upon 
an  H  ion,  therebj^  discharging  it  and  depositing  it  upon  this 
electrode,  while  at  the  same  time  a  CI  ion  touclies  the  anode, 
gives  to  it  the  one  electron  with  w^hicli  it  was  charged,  and  it  also 
is  deposited.  This  electron  then  flows  over  to  the  cell  containing 
the  silver  solution,  Avhere  it  is  able  likewise  to  discharge  and  to 
deposit  one  Ag  ion,  since  the  Ag  ion  also  has  but  one  bond.  At 
the  same  time  an  NO;,  ion  touches  the  anode,  gives  to  it  its  one 
electron,  and  is  itself  deposited.  The  electron  from  the  NO3  ion 
then  flows  over  to  the  copper  cell,  where  it  is  able  to  discharge 
one  of  the  two  chemical  l)onds  whieh  the  Cu  ion  possesses. 

It  is,  hmvever,  impossible  to  discharge  less  than  an  atom  of  a 
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suhstance;  and  so,  if  a  Cu  ion  with  its  two  bonds  is  to  be  dis- 
charged, two  electrons  must  tiow  to  this  cell  from  the  silver  cell, 
iind  therefore  two  electrons  must  tlow  to  the  silver  cell  from  the 
hydrogen  cell.  Accordingly,  in  the  first  cell  it  is  necessary  for 
two  H  ions  and  two  CI  ions  to  be  deposited.  The  two  electrons 
that  were  in  excess  upon  the  two  CI  ions  then  flow  over  to  the 
silver  cell,  Avhere  they  discharge  and  deposit  two  Ag  ions,  while 
two  NO3  ions  are  discharged  and  deposited  upon  the  anode  of 
this  cell.  The  two  electrons  from  the  two  NOo  ions  flow  over  to 
the  copper  cell,  Avhere  they  are  able  to  discharge  one  ion  of  Cu, 
with  its  two  bonds,  and  with  its  consequent  deficit  of  two  elec- 
trons. This  atom  of  copper  is  then  deposited  upon  its  cathode, 
while  one  SO4  ion  yields  its  two  electrons  to  the  anode  of  this  cell, 
and  is  deposited  upon  it.  The  two  electrons  thus  released  from 
the  SO^  ion  then  flow  back  to  the  battery,  thus  constituting  the 
current  which  flows  during  this  process  throughout  the  circuit. 
Since  the  presence  or  the  absence  of  an  electron  upon  any 
atom  protects  one  chemical  bond  of  that  atom,  and  since  the  cur- 
rent which  flows  from  one  cell  to  the  next  is  simply  the, electrons 
that  have  been  released  from  the  ions  of  the  previous  cell,  it  is 
evident  that  the  same  number  of  electrons  must  come  from  one 
cell  as  from  any  othei-,  and  therefore  that  tlte  number  of  bonds 
7-oleased,  or  set  free,  must  he  the  .sv/»k  in  cacli  cell. 

420.  The  Third  Law.  Faraday's  thii-d  biw  Iims  to  deal  not 
only  with  the  valencies  of  the  various  atoms,  but  with  the  rela- 
tive weiglits  of  tliese  atoms  with  respect  to  hydrogen,  which,  is 
taken  as  unity.  If  wc  continually  l^ear  in  mind  the  fact  that  ilic 
atoms  of  the  various  elements  Juive  different  iveiglits,  it  will  be 
.evident  that  the  third  law  must  follow  as  a  necessary  consequence. 

In  the  previous  paragraph,  we  have  seen  that,  for  each  atom 
'Of  Cu  deposited,  two  atoms  of  H  and  two  atoms  of  Ag  must  like- 
nvise  be  deposited.  The  actual  masses  of  these  substances,  how- 
•ever,  vary  widely  from  this  simple  relation,  inasmuch  as  the 
;;atoms  of  the  various  elements  have  diflferent  weights.  Although 
M-e  are  ignorant  of  tlie  absolute  weights  of  the  atoms,  we  do  know, 
nevertheless,  their  weights  with  relation  to  one  another.  Relative 
to  the  weight  of  an  atom  of  hydrogen,  which  is  taken  as  1,  the 
weight  of  an  atom  of  silver  is  108.  and  the  weight  of  an  atom  of 
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copi)er  is  63.4.  .\ccoiclingiy,  the  relative  ivcights  of  the  above 
two  atoms  of  H,  two  atoms  of  Ag,  and  one  atom  of  Cu,  are  in  the 
ratio,  2  :  216  :  63.4,  or  1  :  108  :  31.7  ;  that  is,  for  every  1  gram  of 
H  deposited,  108  grams  of  Ag,  and  31.7,  grams  of  Cu  will  like- 
wise be  deposited.  These  quantities,  namely,  1  gram  of  H,  108 
grams  of  Ag,  31.7  grams  of  Cu,  are  said  to  be  chemically  equiva- 
lent to  one  another ;  and  these  are  the  relative  amounts  of  the 
various  substances  that  by  Faraday's  third  law  will  be  deposited 
in  the  several  cells. 

421,  The  Chemical  Equivalent  of  a  Substance,  li^i  ihr  chem- 
ical equivalent  of  a  substance  is  meant  the  numher  of  gj'ams  of 
tJiat  substance  ivhich  ca^n  replace  1  gram  of  H  in  any  chemical 
compound.  Since  the  atom  of  Ag  and  the  atom  of  H  are  each 
monovalent,  one  atom  of  Ag  will  everywhere  replace  one  atom  of 
H ;  but  as  the  atom  of  Ag  is  108  times  as  heavy  as  the  atom  of 
H,  the  number  of  grams  of  Ag  in  any  compound  is  108  times  as 
great  as  the  nuiulx-r  of  grams  of  the  H  which  it  replaces.  There- 
fore, 108    grams  of  Ag  and  1  gram  of  II  are  chemically  equivalent. 

In  a  similar  manner,  since  the  atom  of  Cu  is  bivalent,  one 
atom  of  Cu  will  replace  tico  atoms  of  H  in  any  chemical  com- 
pound ;  but,  as  the  atom  of  Cu  has  a  relative  weight  of  63.4, 
while  the  two  atoms  of  H  have  a  relative  weight  of  2,  the  number 
of  grams  of  Cu  in  any  chemical  compound  is  63.4/2,  or  31.7 
times  as  great  as  the  number  of  grams  of  H  w^hich  it  replaces. 
Therefore,  31.7  grams  of  Cu  are  chemically  equivalent  to  1  gram 
of  II ;  or,  the  chemical  equivalent  of  Cu  is  31.7.  From  this  may 
be  drawn  the  important  deduction  that  quantities  of  substances 
that  are  chemically  equivalent  are  also  electrically  equivalent. 

An  examination  of  the  above  reasoning  Avill  show  that  the 
ch<  iniral  rquirah  lit  of  a  siilisfdncr  is  alwdi/s  tin  ratio  of  the 
atomic  u'cight  to  the  valency. 

422.  The  Electrochemical  Equivalent  of  a  Substance.  An- 
other term  quite  similar  to  the  chemical  equivalent,  ])ut  of  dif- 
ferent meaning,  namely,  the  electrochemical  equivalent,  is  of 
frequent  occurrence  in  this  connection.  The  electrochemical 
equivalent  of  a  substance  is  the  actual  numhrr  of  grams  of  that 
substance  which  will  be  deposited  by  1  coulomb  of  electricity. 
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Thus,  by  the  definition,  we  see  that  the  electrochemical  equiva- 
lent of  Ag  is  0.0011180.  So  also,  the  electrochemical  equivalent 
of  Cu  is  0.0003281  and  that  of  H  is  0:00001036. 

This  value  of  the  electrochemical  equivalent  of  H  gives  us 
some  idea  of  the  enormous  quantities  of  electricity  which  ions 
carry  as  their  ionic  charges.  Since  1  coulomb  of  electricity  will 
set  free  0.00001036  grams  of  H,  we  see  that  to  set  free  1  gram, 
or  11.16  litres,  of  H  requires  '  or  96,530   coulombs. 

0,OU(tl>l03t) 

Therefore,  a  single  gram  of  H  in  the  ionic  state  carries  a  quan- 
tity of  electricity  equal  to  96,530  coulombs.  This  is  also  the 
luimber  of  coulombs  required  to  liberate  by  electrolj^sis  the  mass 
of  one  chemical  equivalent  of  any  other  substance.  Moreover, 
when  we  remember  that  1  coulomb  is  equal  to  3,000,000,000  elec- 
trostatic units  of  electricity,  we  see  clearly  why  even  a  large 
static  machine  is  able  to  produce  only  the  feeblest  electrolytic 
decomposition.  To  decompose  and  set  free  a  single  gram  of  H 
by  electrostatic  means  would  require  the  expenditure  of  96,530X 
3,000,000,000,  or  289,000,000,000,000  electrostatic  units,  which  is 
possibly  more  ■  electricity  than  is  developed  during  a  severe 
thunder  storm. 

423.  The  Voltameter.  The  knowledge  of  Faraday's  laws, 
together  with  the  correct  determination  of  the  electrochemical 
equivalents  of  silver  and  copper,  enables  us  most  accurately  to 
measure  a  current  by  weighing  the  amount  of  metal  deposited 
in  a  certain  time  by  the  current  in  an  electrolytic  cell.  The  cell 
for  accomplishing  this  purpose,  which  is  known  as  the  voltam- 
eter, is  provided  with  a  cathode  which  may  be  taken  out  and 
weighed  before  the  current  flows,  and  weighed  again  after  the 
metal  has  been  deposited.  Of  the  two  voltameters,  the  silver  and 
the  copper,  which  are  in  frequent  use,  the  silver  voltameter  is 
the  more  accurate  owing  to  the  higher  chemical  equivalent  of 
silver,  although  tlie  copper  voltameter  is  the  more  practical,  be- 
cause of  its  greater  cheapness  and  greater  ease  of  manipulation. 

In  the  copper  voltameter,  copper  plates  are  used  as  the  elec- 
trodes, and  are  immersed  in  a  solution  of  CuSO^^.  The  cathode 
is  carefully  weighed  before  being  placed  in  the  electrolyte ;  and 
after  the  current  is  allowed  to  flow  for  a  measured  interval  of 
time,  it  is  taken  out,  washed,  dried,  and  weighed  again,  the  dif- 
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ference  in  weight  being  the  amount  of  copper  deposited  during 
the  time  tlie  current  passed.  Since  the  electrochemical  equiva- 
lent of  Cu  is  known,  the  number  of  couk)mbs  which  passed 
through  the  electrolyte  may  then  be  accurately  determined.  If 
tiie  strength  of  tlie  current  has  remained  constant  during  the 
time,  this  number  of  coulombs  may  be  divided  by  the  number 
of  seconds  during  which  the  current  flowed,  and  the  strength  of 
the  current  in  amperes  thus  obtained.  If  the  current  has  been 
of  varjang  strength,  the  voltameter  will  still  give  the  total  num- 
ber of  eoulom])s  that  have  passed,  and  therefore  the  average 
current  that  has  flowed  during  that  time. 

A  consideration  of  the  processes  in  electrolysis  will  show  that 
for  every  ion  of  Cu  deposited  upon  the  cathode,  an  ion  of  SO^ 
is  deposited  upon  the  anode.  If  the  anode  had  been  of  platinum, 
the  SO4  would  have  broken  up,  setting  free  an  atom  of  0.  and 
uniting  with  a  molecule  of  water  to  form  a  molecule  H^SO^,  as 
in  the  former  examples  of  electrolysis.  In  the  copper  volta- 
meter, since  the  positive  plate  is  likewise  of  copper,  the  SO ;  ion, 
when  set  free  at  this  electrode,  at  once  attacks  an  atom  of  Cu 
upon  the  anode,  thus  forming  a  molecule  of  CuSO^,  which,  of 
course  dissociates  into  Cu  ions  and  SO^  ions. 

In  the  copper  voltameter,  therefore,  for  every  atom  of  Cu 
that  is  deposited  upon  the  cathode,  an  atom  of  Cu  is  taken  from 
the  copper  anode,  and  the  number  of  Cu  and  SO^  ions  remains 
nearly  constant,  no  matter  for  how  long  a  period  the  elec- 
trolysis may  be  continued.  It  might  seem,  therefore,  that  the 
number  of  coulombs  which  have  passed  could  be  determined  from 
the  loss  in  weight  of  the  anode  as  well  as  from  the  gain  in  weight 
of  the  cathode,  and,  indeed,  this  is  approximately  true.  It  is  found, 
however,  that,  possibly  owing  to  slight  impurities  in  the  copper, 
or  for  other  reasons,  the  loss  on  the  part  of  the  anode  is  not  quite 
as  regular  as  is  the  gain  on  the  cathode,  and  so  it  is  only  the 
cathode  Avhich  is  weighed  when  current  is  determined  1\v  moans 
of  the  voltameter. 

In  the  silver  voltameter,  the  anode  is  a  rod  of  silver,  while 
the  cathode  is  usually  a  platinum  crucible  or  a  hollow.  l>owl- 
shaped  platinum  vessel,  upon  the  interior  of  which  the  deposition 
of  silver  takes  place.  A  vessel  of  this  form  is  used  instead  of 
a  plate,  since  the  silver  is  deposited  as  a  multitude   of  tinv 
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crystals,  many  of  Avhieh  iniglit  easily  be  lost  from  the  surface  of 
a  plate  during  the  process  of  washing.  The  electrolyte  used  in 
this  voltameter  is  a  solution  of  AgNO:..  As  the  Ag  is  deposited 
upon  the  cathode,  the  NO.,  which  is  set  free  at  the  anode,  at- 
tacks an  atom  of  Ag  upon  the  silver  rod,  forming  again  a  mole- 
cule of  AgNO..  which  dissociates  at  once  into  Ag  and  NOo  ions, 
therehy  maintaining  constant  the  strength  of  the  electrolyte. 
Thus  the  anode  theoretically  loses  as  much  as  the  cathode  gains, 
although,  for  the  same  reason  as  before,  it  is  only  the  gain  on  the 
cathode  that  is  considered  in  determining  the  current. 

Since  the  chemical  equivalent  of  silver  is  108,  while  that  of 
copper  is  but  31.7,  it  follows  that  if  a  silver  and  a  copper  volta- 
meter were  placed  in  series,  a  current  which  would  deposit  108 
grams  of  silver  would  deposit  only  31.5  grams  of  copper  in  the 
same  time,  therefore,  because  of  the  very  high  chemical  equiva- 
lent of  silver,  the  silver  voltameter  is  the  more  reliable. 

424.  Electroplating-  and  Electrotyping-.  This  process  of 
electrolysis  is  employed  in  the  arts  in  electroplating  and  electro- 
typing.  If  an  object  is  to  be  silver  plated,  it  is  suspended  so  as 
to  form  the  cathode  in  an  electrolytic  cell,  while  a  plate  of  silver 
is  hung  opposite  as  the  anode,  the  electrolyte  being  a  solution  of 
the  cyanide  of  silver.  The  current  in  passing  through  the  electro- 
lyte deposits  a  coating  of  silver  upon  the  object  to  be  plated. 
Avhile  the  anode  loses  in  weight.  In  a  similar  manner,  an  object 
to  be  copper  plated  is  made  the  cathode,  a  plate  of  copper  is 
suspended  opposite  as  the  anode,  and  the  electrolyte  is  CuSO^. 

In  electrotyping,  a  mould  in  wax  or  plaster  is  made  of  the 
type  or  object  to  be  reproduced,  and  this,  after  being  coated  with 
black  lead  to  make  it  a  conductor,  becomes  the  cathode  of  an 
electrolytic  cell,  a  copper  plate  opposite  being  the  anode,  and 
the  electrolyte  in  this  case  also  is  CUSO4.  The  passage  of  cur- 
rent throug^h  the  solution  causes  a  layer  of  copper  to  be  deposited 
upon  the  wax  mould,  conforming  Jn  the  minutest  detail  to 
every  line  or  impression  of  the  mould.  When  this  layer  becomes 
sufficiently  thick,  it  may  be  stripped  off  and  reenforced  by 
type  metal  poured  upon  the  back,  thereby  furnishing  a  firm, 
hard,  enduring  copper  surface  from  Avhich  printing  may  be 
done. 
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425.  Advantage  Taken  of  the  Counter  Electromotive  Force. 
If  j)l<ttiniuu  plates  iii\'  used  as  electrodes  in  a  solution  of  ILSO^, 
we  have  seen  (p.  478)  that  oxygen  will  he  evolved  at  the  anode 
and  hydrogen  at  tlie  cathode.  This  collection  of  gases  at  the 
electrodes  develo})es  a  counter  electromotive  force  in  the  cell, 
since  these  gases  tend  again  to  dissolve  in  the  electrolyte  and 
fo]-ni  inns.  Indeed,  in  every  electrolytic  cell  there  is  thus  de- 
veloped a  counter  electromotive  force  due  to  polarization,  ex- 
cept in  a  cell  like  the  copper  or  silver  voltameter,  where  the 
anode  consists  of  a  plate  of  the  same  metal  as  tliat  which  is  be- 
ing dei)osited  npon  the  cathode,  in  which  case  there  is  no  counter 
electromotive  force.  Advantage,  however,  is  taken  of  the  coun- 
ter electromotive  force  which  is  developed  in  ordinary  electro- 
lytic cells  to  mak(>  what  is  known  as  secondary  batteries,  or  ac- 
cumulators, or.  more  commonly,  storage  batteries,  although,  as 
will  be  seen,  sucli  a  battery  does  not  accumulate  or  store  up 
electi-icity. 

426.  The  Accumulator,  or  the  Storag-e  Battery.  If  a  id  ate 
of  lead  dioxide,  PbO.,  and  a  plate  of  metallic  lead,  Pb,  are  placed 
in  an  (dectrolyte  of  dilute  IL,80^.  they  at  once  assume  different 
potentials,  the  former  being  about  two  volts  higher  than  the 
latter.  These  two  plates  then  correspond  to  the  copper  and  the 
zinc  plates  in  a  primary  battery ;  so  that  if  they  are  eoiuiected 
by  a  wire,  a  current  will  flow  from  the  high  potential  PbOo  plate 
through  the  wire  to  the  low  ])otential  Pb  plate. 

By  this  flow,  phenouu'na  similar  to  those  which  appear  in  the 
simple  battery  now  take  place,  two  H  ions  are  discharged  and 
deposited  on  the  PbO.  plate,  just  as  H  ions  appear  upon  the 
copper  plate  of  the  simjde  battery,  wlnle  in  a  sinnlar  way,  an 
SO^  ion  is  deposited  upon  the  low  potential  Pb  jjlate.  At  the 
positive  plate,  a  secondary  reaction  then  takes  place  between  the 
PbO..  the  released  IT,,,  and  a  molecide  of  IIoSO^.  acc(U'ding  to  the 
following  reaction : 

PbO,  H-  IT,  +  IT,SO,  =  PbSO,  +  211,0. 

At  the  negative  ])late  the  S(^^,  which  is  there  released,  com- 
bines directly  with  tlie  lead,  foi-niiiiLi'  lead  sid]»hate.  PbSO^,  ac- 
cording to  the  reaction. 
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Pb  -f  SO,  =  PbSO,. 

By  the  flow  of  the  current,  therefore,  ions  are  liberated  at 
both  plates ;  and  the  secondary  reactions  which  then  take  place 
change  the  material  of  these  plates  into  lead  sulphate,  PbSO,. 
The  two  plates  have  thus  become  alike ;  and,  as  it  is  impossible 
to  obtain  a  difference  of  potential  between  two  similar  plates  in  a 
single  electrolyte,  the  flow  of  current  ceases,  and  the  battery 
is  said  to  be  discharged. 

These  two  plates  of  PbS04  may  now  be  regarded  as  the  anode 
and  the  cathode  of  an  electrolytic  cell,  and  a  current  from  an 
outside  source  may  be  sent  through  this  cell.  If  the  anode  of 
this  electrolytic  cell  is  then  the  plate  which  was  formerly  the 
PbO.  plate,  and  if  the  cathode  is  that  which  was  formerly  the 
Pb  plate,  SO4  ions  will  be  discharged  upon  the  anode  and  H., 
ions  upon  the  cathode,  as  in  the  ordinary  electrolysis  of  dilute 
ILSO,.  At  the  anode  the  SO,  will  combine  with  the  PbSO^  of 
the  plate  and  with  two  molecules  of  water,  according  to  the  re- 
action, 

PbSO,  +  SO,  +  211,0  =  PbO,  +  2HoS0„ 

M'hile  at  the  cathode  the  H,  will  reduce  the  plate  of  PbSO^  to 
metallic  lead,  by  the  reaction. 

PbSO,  +  H,  =  Pb  +  H.SO,. 

Thus,  by  regarding  the  discharged  battery  as  an  electrolytic 
cell,  and  sending  through  it  a  current  from  an  outside  source, 
ions  are  released  at  the  electrodes ;  and  the  secondary  reactions 
which  then  take  place  change  the  plates  of  PbSO,  once  more 
into  plates  of  PbOo  and  Pb,  thereby  restoring  the  battery  to  its 
former  condition,  or  ' ' charging"  it.  The  battery  thus  ' ' charged ' ' 
may  noAV  again  be  used  as  a  primary  batteiy  until  it  becomes  dis- 
charged after  which  it  is  necessary  once  more  to  send  a  current 
through  it,  or  to  charge  it,  and  so  on. 

It  is  to  be  noticed  in  this  connection  tliat  the  storage  battery 
stores  up  energy  but  not  electricity.  In  other  words,  the  energy 
of  the  current  which  is  sent  into  the  battery  is   expended  in 
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prodiK-iiig  chemical  changes  iii:)on  the  electrodes,  and  therefore 
remains  as  potential  energy  until  a  wire  connects  the  two  plates, 
when  it  again  appears  as  the  energy  of  the  electric  current.  In 
a  good  storage  batteiy  the  electrical  energy  that  has  been  ex- 
pended in  charging  the  battery  may  remain  for  weeks  as  poten- 
tial energy  without  serious  loss. 

It  is  only  fair  to  say  that  there  are  other  secondary  reactions 
which  take  place  both  in  the  charging  and  discharging  of  a  stor- 
age liattery,  some  of  Avhich,  indeed,  are  not  well  understood. 
The  simple  one  liere  given,  however,  is  undoubtedly  the  one  to 
whieli  the  action  of  the  storage  battery  or  the  accumulator  is 
principally  duo. 


CHAPTER  XXXIV. 

ELECTRICAL  UNITS. 

427.  The  Identity  of  Static  and  Dynamic  Electricity.     In  a 

previous  section  (p.  488),  it  was  shown  that  the  quantity  of 
electricity  which  is  developed  by  batteries  is  many  times  greater 
than  that  which  is  ordinarily  produced  by  electrostatic  means. 
All  of  the  results,  however,  which  may  be  obtained  from  the  flow 
of  the  electric  current  from  a  battery  or  other  source  of  differ- 
ence of  potential  may  likewise  be  reproduced  by  the  use  of  the 
IToltz  machine,  only  on  a  very  much  smaller  scale.  Thus,  it  is 
perfectly  possible  to  use  the  current  from  a  static  machine  for 
the  electrolysis  of  water;  but  the  quantity  of  electricity  which 
flows  is  so  small  that  the  production  of  hydrogen  and  oxygen  may 
be  observed  only  by  concentrating  the  evolution  of  these  gases 
upon  tiny  electrodes  not  more  than  a  fraction  of  a  square  milli- 
meter in  area,  and  operating  the  machine  for  a  long  time.  So, 
also,  if  the  current  from  this  machine  is  sent  through  a  delicate 
galvanometer,  which  is  a  device  for  detecting  the  How  of  current, 
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it  will  produce  only  the  feeblest  effect,  while  the  cui'reut  from 
even  the  smallest  battery  will  disturb  the  instrument  violently. 

428.  The  Electromagnetic  Unit  of  Quantity.  From  the  fore- 
going jjaragraph  we  see  that,  in  the  study  of  dynamic  or  current 
electricity,  we  have  to  consider  quantities  of  electricity  which  are 
enormously  greater  than  those  obtained  from  electrostatic 
sources.  In  order,  therefore,  to  avoid  the  constant  use  of  ex- 
ceedingly large  numbers,  a  unit  of  quantity  many  times  larger 
than  the  electrostatic  unit  has  been  adopted,  and  this,  like  the 
unit  of  current,  is  founded  upon  an  entirely  different  system  of 
units,  known  as  the  electromagnetic  system. 

It  will  be  shown  later  (p.  541)  that  the  strength  of  an  electric 
current  may  be  expressed  in  terms  of  a  unit  which  depends  only 
upon  the  magnetic  relations  of  the  current;  and  on  this  account 
the  unit  of  current  so  determined  is  known  as  the  electromag- 
netic unit.  ^Moreover,  since  the  unit  of  current  enters  into  the 
definition  of  all  other  electrical  units,  the  entire  s.ystem  of  units 
thus  based  upon  the  electromagnetic  unit  of  current  is  called  the 
electromagnetic  system.  We  may  therefore  make  use  of  this  elec- 
tromagnetic unit  of  current,  of  which  the  ampere  is  the  l/'lOth 
part,  as  if  it  had  already  been  described,  reserving,  however,  the 
strict  definition  of  this  unit  until  we  have  made  a  detailed  study 
of  the  flow  of  the  current  and  of  its  magnetic  relations. 

In  a  previous  section  (p.  350)  it  was  shown  that  a  flow  of  cur- 
rent is  interpreted  as  meaning  a  directed  movement  of  the  elec- 
trons, and  therefore  as  the  transport  of  a  certain  amount  or 
quantity  of  electricity.  ^Moreover,  when  the  current  is  unvarj^- 
ing  in  strength,  the  quantity  of  electricity  which  passes  any 
cross-section  of  a  conductor  is  the  same  as  that  which  passes  any 
other  cross-sectioli,  so  that  a  current  of  the  same  strength  or  in- 
tensity flows  tlirough  every  part  of  the  circuit.  If  either  the 
strength  of  the  current  or  tlie  time  of  flow  were  increasiMl,  the 
quantity  of  electricity  that  passes  would  likewise  be  increased. 
From  this  it  follows  that  the  quantity  Q  of  electricity'  transjxirted 
by  a  current  is  proportional  to  the  intensity  I  of  the  current 
and  to  the  time  f  for  which  this  current  flows ;  that  is, 

Q  -.If, 
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or 

Q  =  ll  i, 

where  /:  is  the  factor  of  proportionality.  Inasmuch  as  the  inten- 
sity I  of  the  current  is  determined  independent  of  all  other 
electrical  quantities,  we  may  define  the  unit  of  quantity  in  terms 
of  the  unit  of  current  and  the  unit  of  time.  In  order,  therefore, 
that  the  factor  of  proportionality  may  be  unity,  we  agree  to  call 
the  quantity  unity  when  the  strength  of  the  current  and  the  time 
are  each  equal  to  unity,  in  which  case 

and 

Q  =  It. 

Accordingly,  tlic  unit  of  quantihj  in  the  electromagnetic  system 
is  defined  as  tlie  quantity  of  electricity  that  passes  through  a  cir- 
cuit when  1  electromagnetic  unit  of  current  flows  for  1  second  of 
time.  By  comparing  the  electromagnetic  and  the  electrostatic 
units  of  quantity,  it  is  found  that  1  electromagnetic  unit  of 
quantity  equals  30,000,000,000  or  3  X  10'"  electrostatic  units. 

429.  The  Coulomb.  Because  the  electromagnetic  unit  of 
current  is  relatively  a  very  strong  current  (p.  -482),  it  is  usual 
in  practice  to  take  the  1/lOth  part  of  this  current  as  a  practical 
or  Vv'orking  unit,  to  which  the  name  of  the  ampere  has  been  giv- 
en. From  this  it  follows  that  only  1/lOth  of  an  electromagnetic 
unit  of  quantity  i)asses  Avhen  a  current  of  1  ampere  flows  for  1 
second,  and  this  is  know  as  the  coulomb.  The  coulomh,  ivhich  is 
the  practical  or  working  unit  of  quaniii}i,  is  thus  defined  as  the 
quantity  of  electricity  that  passes  through  a  circuit  when  1  am- 
pere floivs  for  1  second.  It  is  thus  seen  that  the  coulomb  is  the 
1/lOth  part  of  the  electromagnetic  unit  of  quantity,  and  is  equal 
to  3,000,000,000,  or  3  X  lO''  electrostatic  units. 
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430.  The  Energy  of  the  Electric  Current.  In  the  treatment 
of  electrostatics,  we  have  defined  the  potential  at  a  point  (p.  356) 
as  the  potential  energy  which  the  unit  quantity  of  positive  elec- 
tricity will  possess  when  brought  to  that  point.  Moreover,  we 
have  seen  that  the  difference  of  potential  between  two  points  is 
measured  by  the  number  of  ergs  of  work  that  must  be  expended 
in  carrying  the  unit  of  positive  electricity  from  one  point  to  the 
other.  Both  of  these  conceptions  find  their  application  in  dy- 
namic or  current  electricity;  but,  as  here  the  unit  quantity  of 
electricity  is  expressed  in  the  electromagnetic  system,  so  also 
must  the  unit  of  potential  likewise  be  expres,scd  in  this  system. 

In  order  to  determine  the  magnitude  of  this  unit,  we  consider 
that  a  difference  of  potential  of  E  units  exists  between  two 
points,  A  and  B,  Fig.  258,  whore  ^1  is  highe  •  in  potential  than  B. 

Since  work  is  performed  in 
^  B  carrying  a  unit  of  electri- 


^ -^  ~^\M:^7         ^'^^y  from   a  low   to  a  Jiigh 

/  ^V       potential,  it  follows  that  if 

Fig.   25S.     The  points  A  and  B  are  at  dif-      I  ^^^^it  of  electricity  is  car- 
terent    potentials.  "^ 

ried    from    B    to    A,    an 

amount  of  work  will  be  performed  which  is  proportional  to  the 
difference  of  potential  E,  and  if  Q  units  are  thus  carried,  an 
amount  of  w^ork  will  be  performed  Avhieh  is  proportional  to  QE. 
On  the  other  hand,  if  a  current  tiows  from  A  to  B,  whereby  Q 
units  of  electricity  move  of  themselves  through  the  difference  of 
potential  E,  these  Q  2inits  xoill  tlien  he  able  to  perform  an 
amount  of  work  which  is  proportional  to  QE.  But  (p.  495),  since 

Q  =  It, 

it  is  evident  that  the  passage  of  Q  units  of  electricity  from  A  to 
B  is  equivalent  to  a  current  of  intensity  I  flowing  for  t  seconds 
between  these  points,  and  that  this  current  will  then  perform  an 
amount  of  work  proportional  to  lEt. 

That  is, 

the  energ\'  of  the  current :  I  E  t, 
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or 


the  energy  of  the  current   =:  1;  I  E  f, 

where  A;  is  the  factor  of  proportionality. 

If,  for  the  sake  of  simplicity,  we  now  agree  thit  the  difference 
of  potential  shall  be  called  unity  when  the  current,  the  time,  and 
the  energy  are  each  equal  to  unity,  then 

and  the  above  equation  becomes 

the  energy  of  the  current    ^=  I  E  t. 

At  a  later  time  (p.  517)  an  equivalent  and  alternative  expression 
for  the  energy  of  the  current  will  be  given,  w^hich  will  be  found 
of  frequent  service. 

431.  The  Electromagnetic  Unit  of  Electromotive  Force  or 
Difference  of  Potential.  In  order  that  k  may  have  the  value  of 
unity  in  the  expression  for  the  energy  of  the  current,  we  have 
been  obliged  to  limit  the  value  of  the  unit  difference  of  potential 
to  the  above  conditions.  These  limitations  therefore  specify  the 
value  of  this  unit,  which  may,  accordingly,  be  defined  as  follows : 
The  electromagnetic  unit  of  electromotive  force  or  difference  of 
potential  is  of  sucJi  magnitude  that  it  will  enable  the  electromag- 
netic unit  of  current  in  1  second  of  time  to  perform  1  erg  of 
work. 

432.  The  Practical  or  Working  Unit  of  Electromotive  Force 
^The  Volt.  When  we  remember  that  the  electromagnetic  unit 
of  current  is  relatively  a  strong  current,  and  that  the  erg  is  a  very 
small  unit,  avc  sec  that  the  electromagnetic  unit  of  difference  of 
potential,  as  here  defined,  must  be  exceedingly  small.  It  is  so 
small,  indeed,  that  a  multiple  by  100,000,000,  or  10^,  is  taken  ar- 
bitrarily to  obtain  a  working  or  practical  unit,  and  this  is  called 
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the  volt.  Accordingly,  tJie  volt,  wliich  is  tlie  practical  or  working 
unit  of  electromotive  force,  is  eqiial  to  10^  electromagnetic  iinits. 
This  particular  multiple  was  taken  in  order  that  the  practical 
unit  might  be  an  exact  multiple  by  10  of  the  electromagnetic 
unit,  and  still  represent  as  nearly  as  possible  the  electromotive 
force  of  the  Daniell  battery.  Although  the  volt  is  thus  an  enor- 
mous multiple  of  the  electromagnetic  unit,  it  is,  nevertheless, 
still  only  1/300  of  the  electrostatic  unit. 

433.  The  Electromagnetic  Unit  of  Capacity.  If  a  conductor  is 
connected  \vith  a  source  of  high  potential,  such  as  a  battery,  elec- 
tricity will  flow  upon  this  conductor  until  the  potential  of  the 
latter  is  as  high  as  that  of  the  source.  In  this  process,  a  perfectly 
definite  quantity  Q  of  electricity  is  required  to  raise  the  con- 
ductor to  the  potential  E  of  the  battery.  If  the  conductor  is  now 
discharged  and  connected  with  a  battery  of  higher  electromotive 
force  E\  a  quantity  of  electricity  correspondingly  greater, 
namely  Q%  will  be  required  to  raise  the  conductor  to  this  higher 
potential.  Therefore,  the  ratio  of  this  greater  quantity  to  the 
higher  potential  is  exactly  the  same  as  that  of  the  smaller  quan- 
tity to  the  lower  potential,  since  the  potential  to  ivliicli  a  con- 
ductor is  raised  is  always  proportional  to  tlie  quantity  with  tvhich 
it  is  charged. 

This  constant  ratio  between  the  quantity  of  electricity  with 
which  a  conductor  is  charged  and  the  potential  to  which  the  con- 
ductor is  thereby  raised  is  thus  seen  to  be  a  characteristic  of  the 
conductor  alone,  and  is  known  as  its  capacity.  Accordingly,  if  C 
represents  this  constant  ratio,  or  the  capacitij  of  the  conductor. 

^     E 


If  E  is  unity,  then 


C  =  Q, 


from  which  the  capacity  of  a  conductor  is  defined  as  the  quan- 
tity of  electricity  which  will  raise  that  conductor  to  unit  poten- 
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fial.  If,  in  addition,  Q  is  unity,  then  C  is  likewise  unity;  hence 
a  conductor  lias  unit  capaciiy  ivlicn  unit  quantity  of  electricity 
will  raise  that  conductor  to  unit  potential.  These  definitions  are 
obviously  true  in  any  system.  Accordingly,  in  the  electromag- 
netic system,  a  conductor  lias  1  electromagnetic  unit  of  capacity 
when  1  electromagnetic  unit  of  quantity  of  electricity  vill  raise 
that  conductor  to  1  electromagnetic  unit  of  potential. 

But  the  electromagnetic  unit  of  capacity,  as  thus  defined,  is  so 
enormously  large  that  in  practice  it  has  been  found  advisable  to 

adopt  a  unit  which  is  onlv  or  10~^,  of  this  electro- 

'       ] , OUU, UUU,  UUO  ' 

magnetic  unit,  and  this,  after  the  great  English  physicist  Fara- 
day, is  called  the  farad.  In  other  words,  the  farad  is  the  capaciti/ 
of  a  conductor  or  condenser  ivhich  1  coulomb  of  electricity  u-ill 
raise  to  the  potential  of  1  volt,  so  that,  in  general. 


,,       1          CouloniV)s 
rarads^    — — . 

Volts 


434.  The  Microfarad.  Even  the  farad,  however,  is  a  capacity 
which  is  exceedingly  large  as  compared  with  the  capacities  which 
we  ordinarily  have  to  measure.  Indeed,  the  earth,  regarded  as  an 
insulated  spherical  conductor,  has  a  capacity  of  but  7/10,000 
of  a  farad.  In  other  words,  the  quantity  of  electricity  i-eprescnted 
by  1  coulomb  would  raise  1429  insulated  spherical  conductors  of 
the  size  of  the  earth  to  the  potential  of  1  volt.  In  order,  therefore, 
to  obtain  a  still  smaller  unit  for  ordinary  laboratory  measure- 
ments, it  has  been  found  convenient  to  adopt  as  the  working  unit 
of  capacity  the  one-millionth  part  of  a  farad,  and  this  is  called 
the  microfarad.     From  this  it  is  seen  that 

1  Microfarad  =  10 «  Farad, 

:—  10'^  electromagnetic  unit  of  capacity 
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All  ordinary  measurements  of  capacity,  are,  therefore,  made 
in  microfarads ;  for  instance,  the  capacity  of  the  Atlantic-  Cable 
is  about  one-third  of  a  mi- 


crofarad per  mile.  For  lab- 
oratory purposes,  a  micro- 
farad, with  multiples  and 
subdivisions,  is  usually 
built  in  the  form  of  a  con- 
denser. Fig.  259,  consisting 
of  sheets  of  tin-foil  separ- 
ated by  plates  of  mica.   So 

great  is  the  capacity  of  a  condenser  constructed  in  this  way,  that 
even  a  comparatively  small  box  may  thus  contain  a  condenser 
having  a  capacity  as  large  as  a  microfarad. 


Fio.     -'t'J.      The     construction     of 
denser. 


CHAPTER  XXXV. 


ELECTRICAL  RESISTANCE. 


435.  Nature  of  Resistance,  It  is  found  that  electricity  does 
not  flow  with  perfect  freedom  through  even  the  best  conductors. 
Indeed,  all  conductors  offer,  in  a  greater  or  less  degree,  a  cer- 
tain opposition  to  the  passage  of  the  electric  current,  and  this 
opposition  is  called  resistance.  Electrical  resistance,  therefore, 
is  the  opposition  which  electricity  meets  in  passing  through  a 
conductor.  The  nature  of  resistance,  which  may  possibly  be 
somewhat  analogous  to  friction,  is  not  well  understood.  Ap- 
parently it  occurs  because  of  the  difficulty  of  movement  of  the 
electrons  between  the  molecules  or  through  the  molecules  of  a 
conductor,  or  to  the  opposition  to  motion  which  the  electrons 
meet  as  they  pass  from  molecule  to  molecule  through  the  ma- 
terial of  which  the  conductor  is  made. 
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436.  Resistance  of  Conductors.  Siiiee  electrical  resistance  is 
a  subject  of  great  importance  in  the  tlow  of  electricity,  it  is 
necessary  definitely  to  determine  the  ciuantities  upon  which  it 
depends.  In  the  first  place,  it  is  found  by  experiment  that  the 
resistance  of  a  conductor  is  cUrcctly  proportional  to  its  length; 
that  is,  if  a  conductor  of  a  certain  length  offers  a  certain  resist- 
ance, one  in  every  way  similar  to  the  first  but  twice  as  long, 
will  offer  twice  as  much  resistance.  It  is  also  found,  other 
things  being  equal,  that  the  larger  the  conductor,  the  smaller  is 
the  resistance,  or  that  the  resistance  of  a  conductor  is  inversely 
pj^ortionaJ^q  ths_areg^j)t^s  j^rpss-section^  Moreover,  it  is 
found  that  the  resistance  of  a  conductor  varies  with  the  ma- 
terial of  which  the  conductor  is  made,  so  that  a  conductor  of 
copper,  for  instance,  offers  a  certain  resistance,  while  one  of 
iron  of  the  same  length  and  cross-section  offers  an  entirely  dif- 
ferent resistance. 

Accordingly,  since  the  resistance,  E,  of  a  conductor  is  di- 
rectly proportional  to  the  length,  L,  and  inversely  proportional 
to  the  cross-section,  A,  of  the  conductor,  we  see  that 


J!  : 


Z 
A' 


or 


7?  =  /    ^^ 


where  /«'  is  the  factor  of  proportionality. 

437.  Specific  Resistance.  In  the  above  expression,  the  fac- 
tor k,  which  has  different  values  for  different  materials,  is, 
therefore,  the  quantity  which  expresses  the  dependence  of  the 
resistance  upon  the  material  of  Mhieh  the  conductor  is  made, 
and  is  called  the  specific  resistance  of  the  material.  From  this 
it  is  obvious  that  if  L  and  A  are  each  equal  to  unity,  then 
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In  other  words,  the  specific  resistance  of  a  material  is  the  actual 
resistance  of  a  conductor  of  that  material  1  centimeter  long  and 
1  square  centimeter  in  cross-section. 

438.  Ohm's  Law.  We  are  now  in  a  position  to  discuss  the 
flow  of  the  electric  current,  and  to  show  the  relation  that  exists 
between  the  quantities  upon  which  this  flow  depends.  As  regards 
the  influence  of  the  difference  of  potential,  it  is  proved  by  exper- 
iment that  the  intensity  I,  of  the  current  that  flows  is  clirectly 
proportioned  to  the  difference  of  potential,  E,  which  causes  it  to 
flow.  That  is,  if  a  certain  difference  of  potential  causes  a  current 
of  a  certain  intensity  to  flow,  other  things  being  equal  a  differ- 
ence of  potential  twice  as  great  will  cause  a  current  of  twice  this 
intensity  to  flow.  Again,  as  regards  the  influence  of  the  resist- 
ance, it  is  proved  by  experiment  that  the  intensity  of  the  current 
that  flows  is  inversely  'proportional  to  the  resistance  through 
which  it  flows.  Thus,  if  a  certain  resistance  will  permit  a  current 
of  a  certain  intensity  to  flow,  other  things  being  equal  a  resist- 
ance of  twice  this  magnitude  will  permit  a  current  of  only  one- 
half  this  intensity  to  flow.  That  is,  if  the  resistance  is  doubled, 
the  current  is  diminished  by  half,  and  so  on.  Accordingly,  since 
the  intensity,  I,  of  the  current  that  flows  is  directly  proportional 
to  the  difference  of  potential,  E,  which  causes  it  to  flow,  and  is 
inversely  proportional  to  the  resistance,  B,  wiiich  impedes  its 
flow,  it  follows  that 


/ 


or 


R 

where  h  is  the  factor  of  proportionality. 

If  we  agree  to  call  the  resistance  unity  when  the  current  and 
the  electromotive  force  are  each  equal  to  unity,  then 
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k  —  1, 


and  the  equation  becomes 


-f 


This  equation,  which  holds  true  for  all  constant  currents,  ex- 
presses the  relation  between  the  current,  the  ekctromotive  force, 
and  the  resistance,  and  is  known  as  OJwi's  law.  By  Ohm's  law, 
fherefore,  the  intensity  of  the  current  fhat  flows  is  equal  to  tlie 
ratio  of  the  electromotive  force  which  causes  it  to  flow  to  the  re- 
sistance through  which  it  flows. 

439.  The  Electromagnetic  Unit  of  Resistance.  In  thus  plac 
mg-  k  =  l  in  the  above  equation,  we  have,  hoAvever,  thereby  de- 
fined the  unit  of  resistance  to  be  the  resistance  through  which  the 
unit  of  electromotive  force  will  cause  the  unit  of  current  to  flow. 
Inasmuch  as  the  relation  which  expresses  Ohm's  law  is  true  for 
any  system  of  units,  it  must  also  be  true  for  the  electromagnetic 
system ;  and  since  the  units  of  electromotive  force  and  current  in 
this  system  are  known,  we  may  then  define  the  unit  of  resistance 
in  terms  of  these  units.  Accordingly,  the  electromagnetic  unit  of 
resistance  is  the  resistance  through  which  1  electromagnetic  unit 
of  clcctromofive  force  ivill  cause  1  electromagnetic  unit  of  cur- 
rent to  flow. 

It  is  to  be  observed  that  the  unit  of  resistance,  like  the  unit  of 
electromotive  force,  depends  for  its  magnitude  upon  the  electro- 
magnetic unit  of  current,  the  definition  of  which,  for  reasons 
given  above  (p.  494),  must  be  deferred  until  another  time  (p. 
541). 

440.  The  Practical  or  Working-  Unit  of  Resistance— The  Ohm. 

If  however,  the  practical  or  ivorki/ng  units  of  current  and  elec- 
tromotive force,  instead  of  the  electromagnetic  units,  arc  used  in 
Ohm's  law,  that  is,  if  the  unit  of  current  is  taken  as  1  ampere 
and  the  unit  of  electromotive  force  as  1  volt,  then  tli(^  unit  of  re- 
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sistance  through  which  this  current  flows  is  the  practical  or 
working  unit  of  resistance,  and  is  called  the  ohm.  Accordingly, 
the  ohm,  which  is  the  practical  or  working  unit  of  resistance,  is 
defined  as  the  resistance  through  whicli  an  elect romoiive  force  of 
1  volt  will  cause  a  current  of  1  ampere  to  flow.    That  is, 

1    Ampere  = 


1  Ohm 


or,  in  general 


r,  /.  \       Electromotive  force  (in  volts) 

L'Urrent  \\n  amperes;  = 


Resistance  (in  ohms) 

The  relative  magnitudes  of  the  ohm  and  the  electromagnetic 
unit"  of  resistance  may  easily  be  determined  from  the  relations  in 
Ohm's  law.  Since  1  ampere  —  lO'^  electromagnetic  unit  of  cur- 
rent, and  1  volt=:10s  electromagnetic  units  of  .electromotive 
force,  we  see  that  the  equation 

,    ,  1  Volt 

1  Ami)ere   =   , 

1  Ohm 

when  expressed  in  electromagnetic  units  becomes 

10 

That  is,  since  the  left  hand  side  of  this  equation  has  the  value 
10-1,  the  right  hand  side  must  have  this  same  value ;  and  as  the 
numerator  of  the  fraction  is  10^,  the  denominator,  which  ex- 
presses the  number  of  electromagnetic  units  of  resistance  in  the 
ohm,  must  be  taken  as  10^  Accordingly,  in  order  that  the  rela- 
tions in  Ohm's  law  may  hold,  the  ohm  must  be  taken  as  equiva- 
lent to  10'''  electromagnetic  units  of  resistance. 

The  selection  of  the  number  of  electromagnetic  units  of  resist- 
ance in  the  ohm  is  therefore  not  a  free  choice,  but  is  definitely 
prescribed  by  Ohm's  law.    We  have  chosen  arbitrarily  the  frac- 
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tional  part  of  the  electromagnetic  unit  of  current  Avhich  we  call 
the  ampere,  and  we  have  chosen,  also  arbitrarily,  the  number  of 
electromagnetic  units  of  electromotive  force  in  the  volt.  Having 
done  this,  we  are  then  obliged  to  take  the  ohm  as  the  equivalent 
of  lO''  electromagnetic  units  of  resistance,  in  order  that  the  rela- 
tions in  Ohm's  law  may  hold  true. 

441.  The  International  Ohm.  Although  the  ohm  is  defined  as 
the  resistance  through  which  an  electromotive  force  of  1  volt  will 
cause  a  current  of  1  ampere  to  flow,  its  practical  measurement  in 
the  laboratory  would  be  difficult  without  further  aid.  Accord- 
ingly, there  has  been  adopted  a  standard  of  resistance,  called  the 
international  ohm,  which  represents  the  resistance  of  an  ohm,  as 
above  defined,  within  the  errors  of  modern  electrical  measure- 
ments. This  standard  of  resistance  is  specified  as  follows : — ' '  The 
international  ohm  is  the  resistance  offered  to  an  unvarying  elec- 
tric current  by  a  column  of  mercury  at  the  temperature  of  melt- 
ing ice,  14.4521  grams  in  mass,  of  a  constant  cross-sectional  area, 
and  of  a  length  106.3  centimeters. ' '  The  cross-section  of  the  col- 
umn of  mercury  thus  specified  is  very  nearly  1  square  millimeter 
in  area. 

The  practical  method  of  making  a  measurement  of  resistance 
is  to  compare  the  resistance  to  be  determined  with  the  interna- 
tional ohm,  as  here  defined,  or  with  a  resistance  which  itself  has 
been  made  by  comparison  with  this  international  standard. 

442.  The  Resistance  Box,  or  Rheostat.  While  it  is  thus 
possible  at  any  time  to  reproduce  the  international  ohm,  it  is 
impracticable  actually  to  use  a  unit  so  fragile  and  so  difficult  of 
management  as  this  mercury  column.  Accordinglj-,  wires  have 
been  adjusted  in  length  until  they  offer  an  electrical  resistance 
identical  with  the  resistance  of  this  column  of  mercury,  and 
these  are  the  seeondarj^  standards  that  are  practically  used. 
]\Ioreover,  by  taking  wires  of  suitable  lengths,  multiples  and  sub- 
divisions of  the  ohm  may  readily  be  made ;  and  a  number  of 
these  resistances  are  generally  grouped  together  in  a  box,  form- 
ing what  is  known  as  a  resistance  box,  or  a  rheostat. 

The  top  of  such  a  resistance  box  is  usually  provided  with  a 
series  of  brass  blocks,  between  which   ]irass  plugs  may  1)e  made 
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to  fit  tightly.  Underneath  is  the  wire,  the  resistance  of  which 
is  to  be  used,  one  end  being  joined  to  one  block.  Fig.  260,  and  the 
other  end  being  connected  to  the  block  adjacent.  To  prevent 
self-induction,  this  wire  is  wound  on  the  spool  half  in  one  way  and 

half  in  the  other,  that  is,  it  is  doubled 
back  upon  itself.  AVhen  the  plug  is  in- 
serted between  the  blocks,  the  current 
flows  from  one  block  through  the  plug 
to  the  next ;  but  when  the  plug  is  with- 
drawn, the  current,  in  passing  from 
block  to  block,  must  pass  through  the 
wire,  the  resistance  of  which  is  to  be 
introduced.  By  having  a  number  of 
different  coils  in  such  a  box,  any  de- 
sired resistance  may  be  included  in  the 
circuit  by  pulling  out  the  apropriate 
plugs.  A  box  with  no  plugs  withdrawn  has  practically  a  zero 
resistance. 


Fig.  260.     A  resistance  coil. 


443.  Variation  of  Eesistance  with  Temperature.  The  re- 
sistances of  all  bodies  vary  with  a  change  of  temperature.  Me- 
tallic conductors,  in  general,  increase  in  resistance  as  the  tem- 
perature rises,  and  decreases  in  resistance  as  the  temper- 
ature falls.  Indeed,  through  wide  thermal  variations,  the 
resistances  of  the  pure  metals  are  almost  exactly  proportional 
to  their  absolute  temperature.  This  for  a  long  time  gave  rise 
to  the  erroneous  belief  that  the  resistances  of  the  pure  metals 
would  become  zero  if  the  temperature  could  be  reduced  to  the 
absolute  zero.  As  this  point  is  approached,  however,  deviations 
from  this  strict  proportionality  occur,  which  show  that  the  re- 
sistances of  the  pure  metals  are  still  finite,  though  very  small, 
even  at  the  absolute  zero. 

Two  exceptions  are  found  to  the  general  law  that  a  rise  of 
temperature  produces  an  increase  in  the  resistance  of  a  con- 
ductor, namely:  carbon  and  electrolytes,  and  with  these  the  re- 
sistance becomes  less  as  the  temperature  rises.  The  resistance 
of  the  carbon  filament  of  a  16  c.  p.  incandescent  lamp,  which  is 
about  400  ohms  Avhen  cold,  falls  to  about  200  ohms  when  the  lamp 
is  heated  to  a  bright  incandescence. 
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It  is  perhaps,  not  difficult  to  understand  why  it  should  be 
true  that  the  resistance  of  electrolytes  becomes  less  at  higher 
temperatures.  In  this  connection,  we  must  remember  that  the 
conduction  of  electricity  by  an  electrolyte  means  the  carrying 
of  individual  electric  charges  upon  the  ions,  and  that  the  kin- 
etic energy  of  these  ions  increases  as  the  temperature  becomes 
higher.  We  can  see,  therefore,  how  the  movement  of  the  ions 
is  facilitated  by  the  increased  kinetic  energy  of  the  liquid  par- 
ticles, that  is,  by  the  higher  temperature  of  the  electrol;vi:e. 

The  decrease  in  the  resistance  of  the  metals  with  a  fall  of 
tcnii)erature  may  perhaps  likewise  be  explained  as  a  result  of 
the  diminished  molecular  Idnetic  energy.  If  the  resistance  of 
a  metallic  conductor  means  the  difficulty  of  the  passage  of  the 
free  electrons  from  molecule  to  molecule  in  this  conductor,  it 
is  possible  to  understand  how  this  difficulty  might  become  less 
if  the  molecules  were  moving  less  violently,  that  is,  if  the  tem- 
perature of  the  conductor  were  to  fall.  A  decrease  in  the  re- 
sistance, however,  means  an.  increase  in  the  conducting  poiver, 
or  the  conductivity,  of  a  substance;  hence,  the  conductivity  of 
the  metals  increases  as  the  temperature  becomes  lower,  that  is, 
the  metals  become  better  conductors  as  the  kinetic  energy  of 
the  molecules  becomes  less.  ' 

That  the  electrons  have  much  to  do,  not  only  with  the  conduc- 
tion of  electricity  by  metallic  conductors,  but  also  "wdth  the  con- 
duction of  heat  by  metals,  (p.  249),  receives  strong  confirma- 
tion from  the  fact  that  the  relative  conductivities  of  the  various 
pure  metals  for  electricity  are  arranged  in  the  same  order  as 
are  the  conductivities  of  these  same  metals  for  heat. 

444.  The  Fall  of  Potential  Along  a  Wire  Carrying  a  Current. 
Let  us  suppose  that  the  current  I  is  made  to  flow  through  the 
two  resistances  r,  and  r„  placed  in  series.  Let  e,  be  the  differ- 
ence of  potential  between  the  two  ends  of  the  resistance  r^,  Fig. 
261,  and  e^  the  difference  of  potential  between  the  two  ends  of  r^. 
Since  the  same 
current  /  must 
flow  through  both 
resistances,  we 


Y\  Y  2 

Viavp        h\T       nVim 'o       I'lG.  2G1.     The  fall  of  potential  along  a  conductor  is 
iicivt^,       uy       v^iiiu  b  proportional    to    the   resistance. 
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1  = 


or 


This  shows  that  when  a  current  flows  through  several  conduc- 
tors in  series,  a  difference  of  potential  exists  between  the  ends 
of  these  conductors  proportional  to  the  resistance  of  each.  In 
other  words,  when  a  wire  carries  a  current,  a  fall  of  potential 
occurs  along  that  wire  proportional  to  the  resistance  through 
which  the  current  flows. 

445.  The  Divided  Circuit.  When  a  circuit  divides  so  that 
two  or  more  branches  are  offered  to  the  passage  of  the  current, 
the  current  also  divides,  There  are,  therefore,  as  many  divisions 
of  the  current  as  there  are  branches  of  the  conductor.  If  the 
resistances  of  these  branches  are  all  equal,  the  current  divides 
equally  between  the  several  paths  thus  offered ;  but  if  the  branches 
are  of  unequal  resistance,  the  flow  of  current  through  any 
branch  will  be  inversely  as  the  resistance  of  that  branch. 

For  example,  if  a  circuit  divides  into  two  branches,  the  rela- 
tive resistances  of  which  are  2  and  3  respectively,  Fig.  262,  the 

currents  I^  and  /,  in  these 
branches  will  be  i^roportional 
to  the  reciprocals  of  the. re- 
sistances, since  the  difference 
of  potential  between  the  two 
ends  of  each  branch  is  the 
same.  Accordingly,  if  e  is 
the  difference  of  potential  be- 
tween the  two  ends  of  the 
resistances, 


Fig.  262. 


The  current  divides  inversely 
as  the  I'esistance. 


L   :   L 
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1.^1.--^ 


that  is. 


I,   :L_  =  3  -.2. 

Therefore,  in  the  branches  in  which  the  relative  resistances  are 
as  2  :  3,  the  currents  will  be  as  3  :  2.  In  other  words,  in  this  ex- 
ample, 3/5  of  the  current  will  flow  through  the  branch  having 
the  resistance  2,  and  2/5  will  flow  through  the  branch  having 
the  resistance  3. 

When  a  circuit  divides,  the  different  branches  of  the  circuit 
are  said  to  he  in  multiple,  or  in  'parallel,  with  one  another.  Each 
branch  of  a  divided  circuit  is  called  a  shunt,  so  that  when  a 
number  of  conductors  are  in  multij^le,  each  branch  forms  a  shunt 
to  the  others. 

446.  The  Resistance  of  Conductors  in  Multiple,  or  in 
Parallel.  "We  have  seen  that  the  resistance  of  a  conductor  is 
tlie  opposition  which  the  current  meets  in  passing  through  the 
conductor.  The  less  the  resistance,  the  greater  is  the  freedom 
with  which  the  current  flows  and  the  greater  is  the  conductivity. 
Conductivity,  therefore,  is  the  reciprocal  of  the  resistance. 

If  a  circuit  divides  into  two  branches,  the  resistances  of  which 
and  Tj  and  n,  Fig.  263,  the 
current  I  also  divides  into 
currents  I^  and  I.,  which 
flow  through  the  resistance 
/'i  and  To  respectively.  Since 
there  can  be  no  accumula 
tion  of  current  at  any  point 
of  branching,  the  total  cur- 
rent in  the  branches  must 
equal  the  original  current  before  dividing,  or 

I  =  I,-rh.  (1). 


Fl( 


CoruUu'toi's  ill  multiple,  or  in 
pnrnllfl. 


If  e  denotes  the  difference  of  potential  between  the  two  ends  of 
the  divided  circuit,  we  have,  by  Ohm's  law  (p.  502), 
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7,=    ' 


and 


I,  =    ' 


If  r  denotes  the  equivalent  resistence  of  the  two  branches  whieli 
are  in  multiple,  that  is,  the  single  resistance  that  could  replace 
the  resistances  /\  and  r^,  we  have,  since  I  is  the  total  current 
flowing, 


J=  ^ 


Therefore,  from  (1), 


or 


} l_        J. 

r  r\  r> 


That  is,  the  concluciivity  of  two  wires  in  multiple  is  the  sum 
of  the  separate  conductivities  of  these  wires.  Clearing  this  equa- 
tion of  fractions. 


r,  r,  ='  r/-.,  -I-  rr 


from  wliieh 


'\  +  >■, 


This  expression  gives  the  resistance  of  two  wires  in  multiple  or 
parallel  where  r^  and  r^  are  separate  resistances. 
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In  a  similar  maimer,  if  three  conductors,  r-^,  i\,  i\  are  joined 
in  multiple,  the  resistance  r  of  these  three  is 


i\r-,  +  i\r-,  +  i'.,r., 


If  conductors  are  placed  in  scries,  the  total  resistance  is  simply 
equal  to  their  sum. 

447.  Resistance  of  Batteries.  Like  all  other  conductors, 
electrolytes  offer  resistance  to  the  flow  of  current ;  and  therefore 
the  resistance  which  the  current  meets  in  passing  through  the 
fluids  of  a  battery  may  be  a  very  important  factor  in  determin- 
ing the  flow  of  current.  Indeed,  the  resistance  offered  by  the 
electrolyte  of  a  battery  is  perhaps  twenty  million  times  as  great 
as  that  of  a  copper  conductor  of  the  same  cross-section. 

While  the  resistance  in  a  battery  may  be  diminished  by  using 
large  plates,  so  that  the  cross-section  of  the  liquid  conductor  may 
be  large,  the  same  result  may  be  attained  by  using  several  bat- 
tery cells  and  connecting  them  in  multiple  or  parallel.  If 
two  exactly  similar  cells  are  so  joined,  the  resistance  of  the  two 

in  multiple   (p.  510)   will  be        ,  where  r  is  the  resistance  of 
each  cell;  and  if  n  cells  are  joined  in  multiple,  the  total  resist- 
ance is  —  . 
;/ 

If,  however,  n  similar  cells  are  joined  in  series,  the  resistance 
M'ill  be  nr,  since  this  is  equivalent  to  increasing  the  length  of 
the  liquid  conductor. 

448.  Batteries  Connected  in  Series.  Batteries  should  be 
joined  in  series  or  in  multiple,  according  to  the  purpose  for 
which  they  are  used,  as  may  be  seen  from  the  following  consid- 
eration. Let  e  be  the  electromotive  force  of  a  single  cell,  r  the 
internal  resistance  of  a  single  cell,  E  the  resistance  outside  the 
battery,  or  the  external  resistance,  and  n  the  number  of  battery 
cells.  By  Ohm's  law  (p.  502),  the  current,  7,  produced  by  a 
single  cell  flowing  through  the  external  resistance  B  is 
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r  +  11 


and  if  n  cells  are  joined  in-  series,  the  current  is 


I  = 


1! 


That  is,  the  electromotive  force  of  the  battery  is  increased  in 
proportion  to  the  number  of  cells  (p.  474),  but  the  internal 
resistance  of  the  battery  is  likewise  increased  in  the  same  pro- 
portion. 

An  examination  of  this  equation,  however,  shows  that  if  R  is 
very  large  in  comparison  with  r,  so  that  even  nr  is  small  as  com- 
pared with  R,  the  total  resistance  in  circuit  is  not  very 
greatly  increased  by  joining  n  cells  in  series;  while  the 
electromotive  force  is  increased  in  proportion  to  the  number  of 
cells.  Therefore,  if  the  external  resistance  is  very  large  as  com- 
pared with  the  internal  resistance,  the  current  is  increased 
nearly  n-fold  hy  joining  n  cells  in  series. 

449.     Batteries  Connected  in  Multiple,  or  in  Parallel.     If, 

however,  the  n  cells  are  joined  in  multiple,  the  electromotive 
force  of  the  combination  is  the  same  as  that  of  a  single  cell  (p. 

475),  while  the  internal  resistance  is  decreased  to  1     ^f  ^j^^^ 

n 

of  a  single  cell  (p.  510) .    That  is,  for  n  cells  in  multiple, 


I  = 


n 


or 


I  = 


r  +  nE 

This  equation  shows  that  if  the  external  resistance  R  is  very 
small  indeed,  so  that  even  nR  is  small  as  compared  with  r,  that 
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is,  if  the  larger  part  of  the  entire  resistance  in  the  circuit  lies 
in  the  battery  itself,  we  find  that  ive  decrease  the  total  resistance 

to  n early       th  of  its  value,  and,  therefore,  that  ive  increase  the 

current  nearly  n-fold  by  connecting  the  battery  cells  in  multiple. 
Accordingly,  if  the  external  resistance  is  large  as  compared 
with  the  internal  resistance,  the  current  ivill  be  increased  by 
connecting  cells  in  series.  If,  on  the  other  hand,  the  external 
resistance  is  very  small  as  compared  with  the  internal  resistance, 
the  current  ivill  be  increased  by  connecting  cells  in  multiple. 

450.    Measurement  of  Resistance.   The  Wheatstone's  Bridge. 

The  theory  of  divided  circuits  enables  us  most  readily  and  ac- 
curately to  measure  resistance  by  the  device  known  as  the  Wheat- 
stone's bridge.  This  consists  of  a  circuit  divided  into  two 
branches  through  which  the  current  likewise  divides,  the  flow  in 
each  branch  being  inversely  proportional  to  the  resistance  of  that 
Ijranch.  Thus,  let  ABC,  Fig.  264,  be  one  branch  and  ADC  be  the 
other  branch  of  this  divided  circuit.  The  fall  of  potential  along 
The  fii-st  branch  must  be  just  equal  to  the  fall  of  potential  along 
the  second,  since  the  ends  of  these  branches  are  connected.  If, 
then,  any  point  such  as  B  is  taken  on  the  upper  branch,  there 
will  be  a  certain  difference  of  potential  between  the  points  A 
and  B.  Whatever  the  potential  of  B  may  be,  there  will  exist  a 
point,  such  as  D,  somewhere  on  the  lower  branch  which  will  be 
at  the  same  potential  as  B,  and  therefore  the  difference  of  po- 
tential between  A  and 
D  will  be  the  same  as 
that  between  A  and 
B.  If  the  points  B 
and  D  are  now  con- 
nected by  a  conduct- 
or, no  current  will 
flow  through  this 
ivire,  since  both  ends  ^ 

Fig.    2G4.     The    Wheatstone's    bridge. 

are  at  the  same  po- 
tential.   Accordingly,  if  a  galvanometer,  which  is  an  instru- 
ment for  detecting  the  flow  of  current,  is  placed  in  the  circuit 
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from  B  to  D,  the  galvanometer  will  give  no  indication,  since  no 
current  flows.  If  the  point  D  is  moved  even  but  slightly  to  one 
side  or  the  other,  a  current  will  flow  through  the  galvanometer, 
since  in  this  case  D  is  no  longer  at  the  same  potential  as  B. 

Assuming  now  that  on  the  lower  branch  the  point  D  has  been 
found  which  is  at  the  same  potential  as  point  B  on  the  upper 
branch,  we  see  that  there  are  four  arms,  or  divisions  to  this 
branched  circuit,  namely:  AB,  BC,  AD,  DC,  having  resist- 
ances ^1,  r,,  ^3,  r_^,  respectively.  Moreover,  the  difference  of  po- 
tential e^  between  A  and  B  is  the  same  as  that  between  A  and 
'  D,  since  B  and  D  are  at  the  same  potential ;  and  the  difference 
of  potential,  e,  between  B  and  C  is  the  same  as  that  between  D 

and    C,   for   the    same   reason.     Furthermore,   the    current 

which  flows  from  A  to  B  is  the  same  as  the  current     ',  which 

flows  from  B  to  C,  since  none  passes  through  the  galvanometer 
and  there  can  be  no  accumulation  of  current  at  B.  In  other 
words,  all  the  current  which  flows  towards  B  must  flow  away 

from  this  point.     For  the  same  reason,  the  current   —■  which 

flows  from  A  to  D  equals  the  current  --  which  flows  from  D  to 
C.    Therefore, 


and 


Dividing  these  equations  member  for  member,  we  have 


Si 

Jll 

'■l 

r-i 

ll 

€2 

r-i 

r. 
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or 


which  may  be  written 


=  r. 


Therefore,  when  no  current  passes  through  the  galvanometer, 
the  resistances  in  the  four  arms  stand  in  the  above  proportion 
and  the  bridge  is  said  to  be  balanced.  If,  now,  the  ratio  r.  :  i\, 
IS  known,  and  if  n  is  a  known  resistance,  an  unknown  resistance 
i\  may  be  found  from  the  above  proportion. 

451.  The  Slide-Wire  Bridge.  In  practice  it  is  convenient  to 
make  one  brancli  of  the  circuit,  as  ADC,  Fig.  265,  of  a  straight, 
unifonn  wire,  upon  which  the  point  of  contact  D  may  move  back 
and  forth.  The  resistance  to  be  measured  is  introduced  at  r,,  and 
a  known  resistance  from  a  resistance  box  or  standard  coil  is  in- 
serted at  R.  The 
point  D  divides  the 
straight  mre  along 
which  it  moves  into 
two  portions,  Zj,  and 
L,  the  resistances  of 
which  are  directly 
proportional  to  their 
lengths,    and    these 


ll  U  l2 

Fig.    2G5.     Tlie    slide-wine    bridge. 


may  be  read  at  once  from  a  scale  underneath.  Since  in  the  above 
proportion  we  require  simply  the  ratio  r.  :  r„  we  may  write, 
accordingly, 


r,    :  r,  =  l^    :  l_. 

In  operating  this  bridge,  therefore,  the  wire  from  one  terminal 
of  the  galvanometer  is  connected  at  point  B  between  the  resist- 
ances r,  and  E,  while  that  from  the  other  terminal  slides  along 
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the  straight  Avire  AC,  until  no  current  flows  through  the  gal- 
vanometer. This  locates  the  point  D  which  is  at  the  same  po- 
tential as  point  B,  and  the  bridge  is  balanced.  The  ratio  of  the 
balanced  bridge  then  becomes 

Tj   :  R  =  l^   :  L, 


or 


,.      -    ^      7> 


Since  R  is  a  known  resistance,  and  since  the  ratio    -   is  given  at 

once  by  the  readings  of  the  scale,  the  unknown  resistance  i\  is  de- 
termined as  a  fractional  part  of  R. 


CHAPTER  XXXyi. 


ENERGY  AND   POWER. 


452.  The  Energy  of  the  Electric  Current.  In  a  previous 
paragraph  (p.  496),  it  has  been  shown  that  a  current  of  the  in- 
tensity, /.  in  flowing  for  t  seconds  through  a  difference  of  poten- 
tial of  E  units  is  able  to  perform  I  E  t  ergs  of  work,  or  that 

The  energy  of  the  current  :=  I  E  t  ergs. 

If  this  difference  of  E  units  of  potential  is  maintained  between 

the   points  A   and  B,   Fig. 
A  B  226,  it  is  evident   (p.  508), 

that    between    these    points 
there  must  also  exist  a  re- 

FiG.    20G.     A    difference    of    potential.    E,       sistaUCC,     R,     tO    which    this 

Ifeen  tlfTofnUA^kna'T  ^''''''  ""''     clifference    of    potential    is 


^ 
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proportional.  Moreover,  R  must  be  of  such  magnitude  that 
Ohm's  law,  namely: 

1=1' 

jr 

must  be  obeyed  by  the  current  as  the  latter  flow  from  .1  to  B. 
From  this  expression  we  see  that 

E  =  I  E; 

and  by  substituting  this  value  of  E  in  the  above  equation,  we 
obtain  an  equivalent  expression  for  the  energy  of  the  current, 
that  is, 

The  energy  of  the  current  =  I-  R  t  ergs. 

We  have,  therefore,  two  equivalent  expi'cssions  for  tlu-  encroy 
of  the  current,  namely : 

The  energy  of  the  current  =  I  E  t  ergs, 

and 

The  energy  of  tlu'  current  =  I-  R  t  ergs. 

where  I,  E,  and  R  are  measured  i)t  cieeiromagneiic  units.  The 
first  of  these  expressions  is  used  when  the  conditions  of  a  pro])lcm 
are  given  in  terms  of  current,  electromotive  force,  and  time,  and 
the  second  is  employed  when  these  conditions  are  limited  to  cur- 
rent, resistance,  and  time. 

453.     The  Measurement  of  the  Energy  of  the  Current.     In 

the  above  expressions  for  the  energy  of  the  current,  it  is  to  be 
observed  that  the  electrical  quantities  are  measured  in  C.  G.  S. 
tinits  and  the  energ}^  is  therefore,  obtained  in  ergs.  If,  how- 
ever as  is  usual,  the  current  is  measured  in  amperes,  the  elec- 
tromotive force  in  volts,  and  the  resistance  in  ohms,  the  energy 
will  still  be  obtained  in  ergs,  provieleel  the  number  of  amperes, 
the  numher  of  volts,  and  the  numher  of  ohms  are  expressed  in 
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terms  of  electromagnetic  units  of  current,  electromotive  force, 
and  resistance  respectively.     AVe  must,  therefore,  remember  that 

1  Ampere  =  10~^  electromagnetic  unit  of  current, 

1  Volt  =■'  10^  electromagnetic  miits  of  electromotive  force. 

1  Ohm  =  10^  electromagnetic  units  of  resistance. 

Accordingly,  by  the  first  expression,  I  E  t,  a,  current  of  1  ampere, 
in  flowing  for  1  second  between  two  points  which  have  a  dif- 
ference of  potential  of  1  volt,  will  develop 

10-1  y^  10^X1  =  10' ergs; 

M'hile,  by  the  second  expression,  I-  Et,  a  current  of  1  ampere, 
in  flowing  for  1  second  through  a  resistance  of  1  ohm,  will  like- 
wise develop 

10-1  X  10-1  ^  io«  X  1  =  10'  ergs. 

But  (p.  118), 

10'  ergs  =  1  Joule, 

from  which  it  is  evident  that  in  either  case  the  above  currents 
represent  1  joule  of  energy,  and  will  perform  1  joule  of  work. 

In  general,  therefore,  if  Z  =  current  in  amperes,  E  =  electro- 
motive force  in  volts,  E  =■•  resistance  in  ohms,  t  =  time  in  sec- 
onds, we  have,  either 

The  energy  of  the  current  :=  I E  t  joules, 


or 


The  energj'  of  the  current  =  I-  E  t  joules. 
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454.  The  Power  of  the  Electric  Current.  If  the  total  work 
performed  by  the  current  is  divided  by  the  time  in  which  this 
work  is  perfonned,  the  result  is  the  rate  of  doing  work,  that  is, 
the  amount  of  work  done  in  the  unit  of  time,  or  the  poiver  (p. 
119)  which  the  current  can  develop.    But 


Toules         ,„ 

~  Watts; 


Seconds 
and  therefore 


The  poAver  of  the  current  =  7  ^  watts, 


or 


The  power  of  the  current  =  /-  R  watts. 

455.  The  Current  Develops  Heat  in  Flowing  Through  a 
Conductor.  Whenever  a  current  of  electricity  flows  through  a 
conductor  it  meets  within  that  conductor  an  opposition,  or  re- 
sistance, which  impedes  its  flow,  just  as  friction  produces  a  re- 
tarding effect  in  mechanical  motion.  A  certain  amount  of  en- 
ergy, therefore,  must  be  expended  in  forcing  the  current  through 
the  conductor,  and  the  energy  thus  consumed  in  overcoming  this 
resistance  appears  in  the  conductor  in  the  form  of  heat.  Ac- 
cordingly, all  conductors  are  heated  by  the  passage  of  the  electric 
current  through  them,  the  amount  of  heat  thereby  produced  be- 
ing proportional  to  the  resistance  encountered. 

That  the  heat  thus  developed  is,  indeed,  a  function  of  the 
resistance,  may  be  shown  by  sending  a  current  through  a  con- 
ductor made  of  alternate  lengths  of  silver  and  platinum  wire, 
in  which  case  the  current  flowing  through  one  must  flow  also 
through  the  other.  Since  in  passing  through  this  conductor,  the 
current  will  encounter  in  the  platinum  a  resistance  about  six-fold 
greater  than  in  the  silver,  the  amounts  of  heat  developed  in  the 
two  will  be  this  same  proportion,  and  the  platinum  wires  will  be 
come  red-hot,  while  those  of  silver  will  remain  comparatively 
cool.  An  application  of  this  principle  is  made  in  exploding  k 
mine.     In  the  charge  of  powder  or  dynamite  is  placed  a  fine 
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platinum  wire,  to  the  ends  of  Avliich  are  attached  heavy  copper 
wires  which  may  be  connected  with  a  distant  battery.  When  it 
is  desired  to  have  the  explosion  take  place,  the  circuit  from  the 
battery  is  closed  through  this  composite  conductor,  and  the  cur- 
rent in  passing  through  the  resistance  offered  by  the  platinum 
wire  develops  sufficient  heat  to  cause  this  wire  to  become  red 
hot,  thereby  igniting  the  explosive. 

456.  The  Number  of  Calories  of  Heat  Developed  by  the 
Current.  In  the  chapter  on  thermodynamics  we  have  learned 
(p.  323)  that  to  develop  1  calorie  of  heat  requires  the  expendi- 
ture of  427  kilogrammeters  of  work.    That  is, 

1  calorie  =  427X1000X981X100  ergs, 

or 

1  calorie  =  41,888,700,000  ergs. 

To  develop  1  lesser  calorie  requires  the  1/lOOOth  part  of  this,  or 

1  lessor  calorie  =  41,888,700  ergs. 

Since 

10,000,000  ergs  =  1  joule, 

we  see  that 

1  lesser  calorie  =  4.2  joules,  nearly, 

and,  accordingly, 

1  joule  ==  0.24  lesser  calories. 

Moreover,  since  (p.  518) 

The  energy  of  the  current  =  I  E  t  joules 

=  P  Bt  joules, 
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it  follows  that  -when  the  energy  of  the  electric  current  is  ex- 
pended iu  heating  the  resistance  through  which  it  flows, 

The  heat  developed  by  the  current  =  0.2-i  I E  t  lesser  calories, 


or 


The  heat  developed  by  the  current  =--  0.24  P  R  t  lesser  calories. 

The  heat  which  is  developed  in  a  resistance  by  a  current,  and 
which  is  independent  of  the  direction  of  the  current,  was  investi- 
gated experimentally  by  Joule,  and  is  known  as  the  Joule  heat. 


CHAPTER  XXXYII. 

THE  ELECTRIC  LIGHT. 

457.  The  Incandescent  Electric  Light.  During  the  past 
thirty-five  years  an  application  has  been  made  of  the  energy  of 
the  electric  current,  transformed  into  heat  and  light,  which  has 
wholly  revolutionized  our  methods  of  artificial  illumination. 
The  idea  came  to  Edison  that  if  it  were  possible  to  find  a  con- 
ductor of  electricity  having  a  very  high  melting  point,  and  at 
the  same  time  offering  a  great  electrical  resistance,  it  might  be 
possible  to  raise  this  conductor  to  a  white  heat  by  the  electric 
current,  and  so  obtain  an  artificial  source  of  light.  It  is  only 
fair  to  say  that,  even  at  an  earlier  date,  others  likewise  had 
formed  a  similar  conception,  and,  indeed  had  made  lamps 
which  could  be  operated  in  this  way.  The  matter,  however, 
received  but  little  attention ;  and  to  Edison  belongs  the  honor 
of  developing  this  idea  anew,  and  of  devising  the  mechanism 
not  only  for  the  manufacture  of  the  lamps,  but  also  for  the 
generation  of  the  current.  These  discoveries  together  with 
many  further  improvements  by  later  investigators,  have  brought 
about  the  modern  highly-perfected  system  of  electric  lighting. 

It  was  Edison's  first  idea  to  enclose  in  a  glass  globe  a  fine 
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platinum  wire,  and  to  raise  this  wire  to  the  temperature  of  in- 
candescence by  passing  an  electric  current  through  it.  "While 
platinum  possesses  a  fairly  high  melting  point  and  the  necessary 
high  resistance,  it  soon  develoiDed  that  these  essentials  alone  were 
not  sufficient  for  producing  a  satisfactory  filament.  It  was  found 
that  with  continued  heating  platinum  disintegi*ates,  and  that  it 
also  volatilizes,  or  sublimes,  so  that,  even  if  the  slender  wire 
were  not  actually  broken,  the  interior  of  the  glass  globe  soon  be- 
came coated  with  a  thin  film  of  this  metal,  which  obstructed  the 
passage  of  the  light.  Platinum  was  therefore  discarded  for 
a  thread  of  dense  carbon,  Avhich  possesses  in  a  high  degree  the 
qualities  essential  for  an  effective  filament. 

But  carbon  also  was  found  to  volatilize;  and  although  the 
process  was  not  rapid,  yet  in  time  this  loss  of  particles  from 
the  filament  so  reduced  the  size  of  this  conductor  that  the  resist- 
ance increased,  and  thus  prevented  the  passage  of  sufficient 
current  to  bring  the  lamp  to  full  incandescence.  Moreover, 
since  the  lamp  became  "blackened"  by  this  deposit  of  carbon 
upon  the  interior  of  the  globe,  the  already  dimmed  light  from 
the  filament  was  still  further  obscured  by  the  darkened  glass. 
Therefore,  after  a  carbon  lamp  had  burned  about  six  hundred 
hours,  it  was  found  economical  to  discard  it  and  replace  it  by  a 
new  one.  Notwithstanding  these  objectionable  features,  carbon, 
for  thirty  years,  was  considered  to  be  the  material  best  adapted 
for  efficient  use  in  incandescent  lighting. 

Two  decades  ago,  another  most  interesting  and  efficient  in- 
candescent lamp  was  devised  by  Professor  Nernst  of  Gottingen. 
The  filament  of  this  lamp,  consists  of  a  slender  rod  of  a  ma- 
terial composed  of  various  metallic  oxides,  not  altogether  unlike 
porcelain  in  general  appearance,  and  of  such  properties  that  it 
is  a  very  good  conductor  when  hot,  but  almost  a  perfect  in- 
sulator when  cold.  Artificial  means,  therefore,  must  be  em- 
ployed to  raise  the  filament  to  a  bright  red  heat  before  the  cur- 
rent can  pass.  "When  the  flow  takes  place,  how^ever,  the  heat 
developed  in  the  high  resistance  of  the  material  raises  the  fila- 
ment to  a  higher  temperature  than  may  safely  be  attained  with 
carbon,  and  the  light  emitted  is  far  more  intense  and  of  a  much 
whiter  quality  than  that  from  the  ordinary  carbon  lamp.  More- 
over, is  is  unnecessary'  to  enclose  this  filament  or  to  protect  it  in 
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any  way  from  oxygen,  '  since  it  consists  already  of  metallic 
oxides  which  cannot  burn  or  become  further  oxidized  l)y  being 
heated  in  the  air. 

Comparatively  recently,  however,  (1908),  it  has  been  found 
possible  to  reduce  to  the  form  of  slender  wires  two  hard,  brittle 
metals  of  exceedingly  high  melting  points,  namely :  tantalum 
and  tungsten.  A  wire  of  the  latter  metal  when  used  as  the  fila- 
ment of  an  incandescent  lamp,  is  heated  to  a  temperature  even 
higher  than  that  of  the  Nernst  lamp,  and  gives  a  light  which  is 
of  a  soft,  white  quality,  thus  making  it  the  most  desirable  form 
of  artificial  illumination  yet  devised. 

In  the  manufacture  of  incandescent  lamps  it  has  been  found 
that  the  higher  the  temperature  to  which  the  filament  is  raised, 
the  greater  is  the  percentage  of  the  electric  energy  which  is 
transformed  into  light,  and  the  smaller  is  the  number  of  watts 
required  to  develop  one  candle  power.  In  the  following  table 
is  given  approximately  the  temperature  to  which  the  various 
filaments  may  safely  be  heated,  and  also  the  number  of  watts 
of  power  represented  by  one  candle  power  of  the  resulting  light : 


Material. 

Temperature. 

Watts  per  canU 

le. 

Platinum 

1500°  C. 

(i.O 

Carbon 

1850°  C. 

3.5 

Tantalum 

2000°  ('. 

2.0 

Nernst 

2200°  C. 

1.5 

Tungsten 

2300°  C. 

1.0 

Tungsten  (in  nitrogen) 

2850°  C. 

0.5 

From  this  table,  it  is  seen  that,  besides  the  greater  intensit.y 
and  whiteness  of  the  light  emitted  by  the  tungsten  filament,  the 
efficiency  (p.  ]23)  of  this  lamp  is  also  very  much  higher  than 
any  other.  Indeed,  so  many  of  the  desirable  qualities  are  found 
combined  in  tungsten,  that  this  material  bids  fair  to  supersede 
all  others  in  the  incandescent  lig^iting  of  the  future. 

It  is  to  be  observed  that,  Avith  the  exceptions  of  the  Nernst 
"glower"  and  one  other  lamp  recently  invented,  the  filaments 
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of  all  incandescent  lamps  are  enclosed  in  a  glass  globe  from 
which  the  air  has  been  exhausted.  AVith  carbon  this  is  obviously 
necessary  in  order  to  exclude  the  air,  in  which  the  filament 
would  otherwise  soon  burn  when  heated.  A  further  reason  also 
is  found  for  enclosing  this  and  other  filaments  in  an  exhausted 
globe,  namely:  to  prevent  a  loss  of  heat  hy  the  convection  of  the 
air.  If  the  lamp  were  burned  freely  without  this  protection,  or 
in  a  globe  from  which  the  air  was  not  exhausted,  the  surround- 
ing air  in  l^ecoming  heated  would  withdraw  from  the  filament 
a  portion  of  the  energy  which  would  otherwise  be  transformed 
into  effective  light  radiation,  and  the  efficiency  of  the  lamp 
would  be  lowered. 

Very  recently,  however,  (Oct.  1913),  it  has  been  found  that 
an  incandescent  lamp  of  much  greater  efficiency  may  be  made 
by  enclosing  a  tungsten  filament  in  a  glass  globe  which  is  filled 
with  nitrogen.  The  pressure  of  this  inert  gas  prevents  the 
evaporation,  or  sublimation,  of  the  filament  which  would  other- 
wise take  place  even  with  tungsten,  so  that  it  is  possible  to 
raise  the  temperature  of  this  filament  to  2850°  C.  It  is  true  that 
convection  currents  are  set  up  in  this  gas  which  carry  away 
energy  from  the  filament ;  but  this  may  be  reduced  to  a  mini- 
mum either  l:)y  using  a  filament  with  large  cross-section,  that  is, 
of  small  superficial  area,  or  a  smaller  filament  in  the  form  of  a 
closely-wound  coil. 

At  this  higher  temperature,  the  percentage  of  the  shorter  wave 
lengths  of  light.  Avhich  affect  the  eye,  is  much  greater  as  com- 
pared with  those  to  which  the  eye  is  insensitive.  Moreover,  this 
increase  in  the  relative  amount  of  energy  transformed  into  light 
radiations  so  much  more  than  compensates  for  the  loss  of  energy 
by  the  convection  currents  in  the  nitrogen,  that  the  efficiency  of 
a  lamp  of  large  size  constructed  in  this  way  is  greater  than  that 
of  any  other,  the  power  consumed  being,  indeed,  only  about 
0.5  watt  per  candle  power.  The  light,  too,  not  only  possesses 
great  intensity,  but  also  has  so  large  a  proiDortion  of  the  shorter 
wave  lengths  that  it  has  a  quality  which  to  some  extent  resembles 
daylight  in  character. 

458.  The  Arc  Light.  If  two  carbon  rods  are  connected  with 
a  high  potential  source  of  electricity  and  brought  together,  a 
current  will  flow  from  one  to  the  other.     If,  now,  the  rods  are 
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slightly  separated,  the  current  is  not  broken,  but  continues  to 
How  across  the  intervening  space,  and  the  ends  of  the  carbons 
emit  a  most  intense  heat  and  a  light  of  most  dazzling  brilliancy. 
The  maintenance  of  the  current  across  this  space  is  undoubtedly 
due  to  the  fact  that  the  intense  heat  here  developed  ionizes  the 
air  and  causes  the  carbon,  if  not  actually  to  volatilize,  at  least 
to  form  gaseous  compounds  with  the  constituents  of  the  air,  so 
that  the  current  flows  from  one  carbon  to  the  other  across 
this  conducting  column  of  heated  gas.  It  must  be  borne 
in  mind  that  the  passage  of  the  current  across  this  space  is  true 
conduction,  and  is  not  of  the  disruptive  nature  of  a  spark,  be- 
cause the  current  does  not  flow  until  the  carbons  have  been 
brought  into  actual  contact.  After  the  separation,  the  space  be- 
tween the  carbons  is  then  filled  with  a  column  of  the  most  in- 
tensely heated  gases,  and  these  at  this  high  temperature  are 
dissociated,  and  therefore  ionized.  This  conducting  column  of 
heated  vapour,  which  is  nearly  spherical  in  shape,  is  called  the 
electric  arc,  and  the  light  which  is  produced  by  the  process  here 
described  is  known  as  the  arc  light.  Sir  Humphrey  Davy,  in 
the  earl}^  part  of  the  last  century  was  the  first  to  produce  the 
arc  light, — an  achievement  which  he  accomplished  by  employing 
a  battery  of  three  thousand  cells. 

There  are  many  things  of  remarkable  interest  connected  with 
the  phenomenon  of  the  electric  arc.  It  is  to  be  noticed,  in  the 
first  place,  that  the  are  itself  is  nearly  non-lumin- 
ous, for  at  best  it  emits  but  a  feeble,  bluish  light, 
while  nearly  all  the  light  comes  from  the  highly  j|  +j{ 
heated  ends  of  the  carbons.  The  latter  are  raised 
so  high  in  temperature  that  they  are  slowly  con- 
sumed by  oxidation  in  the  air,  the  positive  carbon 
becoming  much  hotter  than  the  negative,  and  wast- 
ing away  about  twice  as  rapidly.  It  is  also  to  be 
noticed  that  the  form  which  the  positive  carbon 
assumes  is  wholly  different  in  appearance  from  that 
of  the  negative;  for  while  the  negative  carbon 
grows  into  a  somewhat  blunt,  but  more  or  less 
sharply  defined  cone.  Fig.  264-,  the  end  of  the  posi- 
tive carbon  forms  into  a  little  cavitj'  two  or  three 
millimeters  in  diameter,  called  the  crater.  It  is 
at  the  surface  of  this  crater  that  the  most  intense 
heat  is  developed,  the  carbon  here  having,  when      i'''«-  ?^?*-  ^I'e 

'  ""  electric  arc. 
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cold,  a  bright,  glossy  appearance,  as  if  it  had  been  melted  under 
the  influence  of  the  extreme  lieat. 

While  it  is  true  that  the  red-hot  ends  of  the  carbons  radiate 
feebly,  the  crater  of  the  positive  carbon  is:  so  intensely  heated 
that  about  ninety-five  percent  of  the  entire  amount  of  light 
emitted  by  the  arc  lamp  comes  from  this  small  source.  Indeed, 
it  is  due  to  the  minuteness  of  the  source  that  the  shadows  cast  by 
the  arc  light  are  disagreeably  sharp  ;  and  as  there  is  no  gradation 
from  the  intensity  of  the  black  shadows  to  the  full  glare  of  the 
radiation  from  the  crater,  this  form  of  light  is  unsuited  for  in- 
terior illumination,  unless  moderated  by  an  opal  globe,  which 
distributes  the  light  more  uniformly.  Since  the  carbons  waste 
away  by  oxidation  in  the  air,  the  mechanism  of  the  lamp  con- 
sists of  a  device  for  moving  them  together  as  fast  as  they  are 
consumed,  and  by  this  means  the  length  of  the  arc  is  maintained 
nearly  constant.  The  positive  carbon  is  usually  placed  above 
the  negative,  so  that  the  light  from  the  crater  may  be  thrown 
downw^ard  to  illuminate  as  wide  an  area  as  possible,  the  dark 
circle  directly  under  an  arc  lamp  being  due  to  the  shadow  cast 
by  the  lower  or  negative  carbon. 

459.  The  Mercury  Vapor  Light.  Still  another  form  of  the 
electric  light,  known  as  the  mercury  vapor  lamp,  has  of  late 
obtained  sonie  prominence,  although  it  has  not  come  into  general 
use  on  account  of  the  unpleasant  color  of  the  light  which  it 
emits.  This  lamp  consists  of  an  evacuated  glass  tube,  often  a 
meter  or  more  in  length,  with  electrodes  sealed  into  glass  at  the 
ends,  and  containing  a  quantity  of  mercury.  The  tube  is  usually 
held  in  a  position  which  is  nearly  horizontal,  and  is  connected 
])y  its  electrodes  with  a  dynamo  whicli  furnishes  a  difference  of 
potential  of  110  volts. 

When  the  more  elevated  end  of  the  tube  is  tipped  slightly 
downward,  the  mercury,  in  flowing  to  the  lower  end,  establishes 
metallic  connection  between  the  electrodes,  so  that  a  current 
flows  through  the  thread  of  mercury  so  formed.  As  soon  as  this 
thread  breaks  at  any  point,  an  arc  is  momentarily  established. 
This  not  only  volatilizes  the  mercury,  but  disengages  electrons 
from  the  mercury  vapor,  that  is,  it  ionizes  the  vapor,  or  fills  the 
tube  with  electrons  and  with  positively  charged  mercury  atoms, 
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each  of  which  has  lost  an  electron.  These  particles,  or  ions,  move 
with  a  high  velocity  because  of  the  difference  of  potential  between 
the  electrodes ;  and  in  their  rapid  motion  they  collide  with  other 
atoms  of  mercury  vapor,  from  some  of  which  they  likewise  disen- 
gage an  electron,  and  so  the  process  continues. 

The  shock,  produced  by  the  collision  between  the  electrons 
and  the  atoms  of  mercury  vapor,  (for  the  molecules  of  mercury 
vapor  contains  only  a  single  atom),  produces  so  violent  a  vibra- 
tion of  the  electrons  which  still  remain  in  the  mercury  atoms, 
that  ether  waves  are  set  up  which  affect  the  eye  with  the  sensa- 
tion of  light.  Light  is  therefore  produced  by  the  bombardment 
of  the  atoms  of  the  mercury  vapor  by  the  ionized  parts  of  this 
vapor ;  and,  as  might  be  expected,  the  character  of  this  light  is 
determined  by  the  law  of  the  vibration  of  the  electrons  within 
the  mercury  atom.  Only  a  comparatively  few  wave  lengths  are 
therefore  emitted,  and  these  are  such  as  to  produce  a  light  of  a 
vivid  bluish-green  color. 

"While  this  light  is  unpleasant  in  tint,  it  is,  however,  rest- 
ful to  the  eye,  so  that  it  is  used  extensively  in  factories  and 
draughting  rooms,  where  the  color  is  no  serious  objection,  and 
where  close,  careful,  visual  work  must  be  done. 

460.  Methods  of  Connecting  Electric  Lamps.  On  account  of 
their  high  resistance,  incandescent  lamps  cannot  well  be  con- 
nected in  series,  inasmuch  as  it  would  then  require  a  danger- 
ously high  electromotive  force  to  send  sufficient  current  through 
them.  Moreover,  if  a  filament  anywhere  in  the  series  should 
break,  the  current  would  cease  to  flow,  and  the  remaining  lamps 
would  thus  be  extinguished.  Accordingly,  it  has  been  found 
advisable  to  connect  incandescent  lamps  in  multiple,  or  paral- 
lel; that  is,  the  wires  which  lead  from  the  dynamo  are  main- 
tained at  a  constant  difference  of  potential,  and  the  lamps  are 
then  connected  across  in  multiple  from  one  main  wire  to  the 
other.  Fig.  265.  The  methods  of  manufacture  are  such  as  to 
make  the  filaments  almost  exactly  the  same  in  resistance ;  and 
since  the  lamps  have  a  constant  difference  of  potential  between 
their  terminals,  the  current  divides  equally  between  them,  and 
all  are  uniformly  brilliant. 
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An  arc,  on  the  other  hand,  requires  about  40  volts  for  its 
maintenance;  but  its  resistance,  which  varies  with  its  length, 
depends  upon  many  factors,  such  as  the  regulating  mechanism 
for  moving  the  carbons  together,  access  of  air,  which  causes  a 


+ 


Fig.  2G5.      lucandescent  lamps  are  connected  in   multiple. 

consumption  of  the  carbons  by  oxidation,  inequalities  in  the 
composition  of  the  carbons,  etc.  Iti  is  obvious,  then,  that  a 
number  of  arc  lamps,  each  supplied  with  the  same  electromo- 
tive force,  and  initially  otherwise  identical,  would  soon  have 
arcs  of  different  lengths,  and  therefore  of  different  resistances. 
Accordingly,  if  arc  lamps  were  connected  in  multiple,  there 
would  soon  be  a  very  unequal  distribution  of  current  among 
them,  the  one  offering  the  smallest  resistance  taking  the  largest 
current  and  giving  the  most  intense  illumination. 

It  is  usual,  therefore,  to  connect  arc  lamps  in  series,  so  that 
the  same  current  flows  from  one  lamp  to  the  next  throughout 
tlie  entire  circuit.  Fig.  266.     Since  each  lamp  requires  a  fairly 


Fig.  260.     Arc  lamps  arc  connected  in  series. 

high  electromotive  force,  or  "voltage",  the  dynamo  furnishing 
this  current  must  develop  a  very  great  difference  of  potential 
if  forty  or  fifty  arc  lamps  are  connected  in  series,  as  is  the  prac- 
tice in  street  lighting.  It  is  on  this  account  that  an  arc  liglit 
circuit  is  far  more  difficult  and  dangerous  to  manipulate  than 
an  incandescent  circuit,  for  in  the  latter  the  potential,  in  gen- 
eral, does  not  exceed  in  110  volts. 


CHAPTER  XXXVIII. 


THERMO-ELECTRICITY. 


461.  The  Electromotive  Force  of  Contact.  In  the  discussion 
of  electromotive  force  it  has  been  shown  that  a  difference  of 
potential  is  produced  only  by  the  expenditure  of  some  form  of 
energy.  There  is,  however,  a  series  of  experiments  which  would 
seem  to  indicate  that  a  difference  of  potential  may  be  produced 
without  the  expenditure  of  energy  in  any  form  which  we  recog- 
nize as  energy  at  the  present  time,  and  which  depends  upon  the 
simple  contact  of  two  dissimilar  metals. 

When  a  plate  of  copper  and  a  plate  of  zinc  are  supported  by 
insulating  handles  and  are  simply  touched  together  and  then 
separated,  they  are  found  to  be  at  different  potentials.  At  first, 
this  was  thought  to  be  due  to  a  slight  friction,  or  rubbing  of  one- 
plate  upon  the  other,  but  further 
experiment  seems  to  render  this 
explanation  insufficient;  for  if  the 
plates,  insulated  by  varnish,  are 
placed  one  upon  the  other,  and  the 
varnish  then  slightly  broken,  so 
that  even  a  fine  wire  may  make 

metallic  contact  between  them,  Fig.       fig.  2GT.     The  electromotive  force 

-  of  contact. 

267,    they    are    found,    when   sep- 
arated, to  be  at  different  potentials. 

This  production  of  a  difference  of  potential  simply  by  touch- 
ing the  plates  together  is  called  the  electromotive  force  of  con- 
tact, or  the  electrification  by  contact.  If  a  plate  of  antimony 
and  one  of  bismuth  are  treated  in  tliis  way,  the  difference  of 
potential  between  the  two  will  be  found  to  be  even  greater  than 
that  developed  when  plates  of  copper  and  zinc  are  used.  Many 
physicists  claim  that  in  all  cases  a  simple  contact  of  two  dissim- 
ilar substances  i)roduces  a  difference  of  potential,  and  that  even 
the  electromotive  forces  present  in  a  battery  are  due  wholly  to 
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the  various  contacts  there  existing,  that  is,  between  the  zinc  and 
the  electrolyte,  the  copper  and  the  electrolyte,  and  especially 
between  the  zinc  and  the  copper.  Indeed,  this  theory  dates  back 
to  the  time  of  Volta,  and  has  had  its  ardent  adherents  ever  since. 

"Whatever  the  cxj^lanation  may  be,  the  fact  remains,  and  is 
not  disputed  by  those  who  advocate  the  energy  theory  of  elec- 
tromotive force,  that  when  plates  of  dissimilar  substances,  such 
as  antimony  and  bismuth,  are  sei^arated  after  having  been 
brought  together,  the  two  are  at  different  potentials. 

An  imperfect  explanation  may  perhaps  be  given  when  we 
consider  the  free  electrons  which  are  present  in  each  of  the 
metals.  From  the  fact  that  these  electrons  may  exist  at  least 
in  different  numbers  and  possibly  under  different  conditions  in 
the  different  metals,  and  that  the  molecules  of  the  various  metals 
have  unequal  masses,  we  see  that  the  conditions  for  the  thermal 
equilibrium  of  the  electrons  in  one  metal  may  be  entirely  differ- 
ent from  these  conditions  in  any  other  metal.  It  is  conceivable, 
therefore,  that  at  tlie  boundary  between  two  metals  the  electrons 
from  one  may  pass  over  into  the  other,  thereby  changing  the 
potential  of  eacli.  ^loreover,  this  passage  of  electrons  would  be 
continued  until  an  equilibrium  condition  at  the  boundary  were 
established,  that  is,  until  the  metals  came  to  perfectly  definite 
potentials. 

At  a  higher  temperature,  the  equilibrium  condition  of  the 
electrons  and  the  molecules  in  the  metals  may  be  different ;  and 
if  this  were  the  case,  it  would  be  expected  that  the  potentials 
which  are  produced  by  contact  would  likewise  be  different. 
Indeed,  these  potentials  are  found  to  change  as  the  temperature 
rises,  and  to  become  equal  at  a  temperature  which  is  different 
for  different  metals,  but  which  is  constant  for  any  two.  Above 
this  temperature,  which  is  known  as  the  temperature  of  inver- 
sion, the  metals  assume  opposite  potentials,  the  one  which  was 
iit  high  potential  now  becomes  at  low  potential,  and  vice  versa. 

it  we  accept  an  electronic  explanation  of  the  contact  electro- 
motive force,  of  whieli  the  al)ove  paragraph  is  merely  the 
cmidest  possible  attempt,  we  can  see  that  even  here  the  pro- 
duction of  a  difference  of  potential  is  obtained  at  the  expense 
of  electronic  energj^,  or,  at  least,  by  the  transfer  of  electrons 
from   one  metal   to  the  other.     Therefore,    without   attempting 
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further  to  explain  this  interesting  phenomenon,  we  shall  simply 
accept  the  fact  that  there  does  exist  an  electromotive  force  due 
to  contact,  the  true  nature  of  which,  at  present,  is  not  entirely 
understood. 

462.  Thermo  Electricity  and  the  Thermo-pile.  Closely 
allied  with  the  production  of  contact  electromotive  force  is  the 
phenomenon  of  thermal  electromotive  force  and  the  operation 
of  the  thermo-pile.  In  the  year  1821,  Seebeck  made  the  dis- 
covery that  if  a  pile  is  built  up  of  alternate  bars  of  antimony 
aiul  bismuth  soldered  together  in  series,  and  if  the  first  and 
the  last  bars  are  connected  to  a  galvanometer.  Fig.  268,  no  cur- 
rent will  flow  provided  the 
junctions  all  remain  at  one  ,^-.^^^^^^« 


temperature.    If,  however,  ^    YyA^y/^^^yyy/my/y//y^//A'm^. 


the  pile  is  so  constructed  ^        ^\\\v\\v\\vv\kvv\\v^^^ 


that  the  even  junctions  all        /^  5  wfrnymm/Z/Z/mmm 
form  one  face  and  the  odd        \J^  ^\\\\\\\\\\\\\\\\VK\\\\\\\- 
junctions    the    other,    and  ^        y/////////A 

one     face     is     heated     or 
cooled,  a  current  Avill  flow 


..,,,., ,..,,.^^.. ...........  .^^ 


one  way  through  the  gal-  Bismuth 

Vanometer   when   this     face       Fi<;.   20s.     The  construction  of  the  thermo- 
pile. 

is   heated,    and   the    other 

way  when  this  face  is  cooled.  It  will  be  noticed  that  the  direction 
of  the  current  thus  generated  is  always  jroin  the  hismuth  to  the 
aniimony  across  the  heated  junction. 

Such  an  instrument  is  called  a  thermo-pile,  and  is  exceedingly 
sensitive  in  detecting  minute  changes  of  temperature  between 
the  faces.  So  delicate  is  this  instrument  as  a  heat  detector,  that 
a  deflection  of  the  galvanometer  may  be  observed  when  the  tem- 
p(M*atures  of  the  two  faces  do  not  differ  by  more  than  one- 
millionth  of  a  degree  C,  The  difference  of  potential  developed 
by  a  thermo-pile  is  very  small  as  compared  with  that  produced 
by  a  battery,  and  hence  it  is  not  infrequent  to  connect  as  many 
as  a  hundred  pairs  of  antimony  and  bismuth  bars  in  series  in 
a  single  thermo-pile,  in  order  that  the  resulting  difference  of 
potential  may  l)e  greater.  This  vastly  increases  the  usefulness 
of  the  thermo-pile  as  a  source  of  electricity,  because  the  electro- 
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motive  force  is  thereby  multiplied,  and  the  internal  resistance 
of  the  pile  even  then  is  very  low,  inasmuch  as  the  circuit  con- 
sists entirely  of  metal. 

It  is  of  interest  to  observe  that  the  electromotive  force  of  the 
thermo-pile  depends  not  only  upon  the  difference  in  temperature 
between  the  two  series  of  junctions,  but  also  upon  the  actual 
temperatures  of  these  injunctions.  Whatever  may  be  the  thermal 
electromotive  force  for  ordinary  temperatures,  this  electro- 
motive force  is  found,  in  general  to  rise  to  a  maximum  value 
and  then  to  decrease,  as  the  temperature  of  one  series  of  junc- 
tions is  continuously  raised,  until  a  temperature  is  reached  at 
which  the  electromotive  force  becomes  zero.  Above  this  temper- 
ature, which  is  the  temperature  of  inversion  for  these  metals, 
the  electromotive  force  again  increases,  but  with  opposite  sign; 
that  is,  the  thermo-pile  reverses  its  polarity,  and  gives  rise  to 
a  current  flowing  in  the  opposite  direction. 

463.  The  Energy  of  the  Thermo-current.  At  moderate  tem- 
peratures, although  the  current  flows  from  the  bismuth  to  the 
antimony  across  the  heated  junction,  the  bismuth  when  tested  is 
found  to  be  at  low  potential,  while  the  antimony  is  at  high 
potential.  There  is,  therefore,  at  the  point  of  contact,  a  sharp 
change  from  the  potential  of  the  bismuth  to  that  of  the  anti- 
mony. Accordingly, 
Potential        Or  Antimony  ^f   ,^,g   represent   the 

potential  of  the  bis- 
muth by  the  lower 
line.  Fig.  269,  and 
the   potential   of  the 

[-,_  r  ~  antimony  by  the  up- 

Potential         Or  Bismuth  .  .. 

per   line,    the    difier- 

FiG.  269.     The  difference  of  potential  between  bis-       mioo    nf    -nn+tiii+inl     a  + 
muth  and  antimony  at  the  heated  junction.  ^^^^    ""^    puLenudi    dt 

the    heated    junction 
is  indicated  by  the  perpendicular  distance  between  the  two. 

The  application  of  energy  in  the  form  of  heat  at  this  junction 
causes  a  movement  of  electrons  from  the  high  potential  antimony 
to  the  low  potential  bismuth;  that  is,  it  causes  a  flow  of  the 
current  from  the  low  potential  bismuth  to  the  high  potential 
antimony.      We  see  that  this  is  consistent  with  our  knowledge 
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of  the  iiow  of  the  electrons,  since  we  know  that  these  particles 
flow  of  themselves  from  a  region  of  low  potential  to  a  region  of 
high  potential,  and  perform  work  in  so  doing.  However,  just 
as  it  is  possible  by  the  expenditure  of  mechanical  energy  to 
carry  electrons  from  a  high  to  a  low  potential,  so  also  may  we 
conceive  that,  by  the  expenditure  of  thermal  enjergy,  electrons 
may  be  made  to  flow  from'  a  region  of  high  potential  to  one  of 
lower  potential.  This,  indeed,  is  the  case  here;  and  while  elec- 
trons thus  flow  from  the  high  potential  antimony  to  the  low 
potential  bismuth,  this  flow  is  incvitahly  and  invar kibly  asso- 
ciated with  the  aljsoyption  of  heat  energy  at  this  junction. 

464.  The  Peltier  Effect.  The  closing  remark  of  the  previous 
l^aragraph  shows  that  current  cannot  flow  from  the  bismuth 
to  the  antimony,  that  is,  that  electrons  cannot  flow  from  the  high 
potential  antimony  to  the  low  potential  bismuth,  without  the 
necessary  absorption  of  heat  at  this  junction.  Not  long  after 
Seebeck's  discovery,  it  was  shown  by  Peltier  that,  inasmuch  as 
the  heat  which  is  taken  up  at  this  junction  causes  a  current  to 
flow  from  the  bismuth  to  the  antimony,  it  must  follow  that  if 
a  ciirrent  from  an  outside  source  is  sent  from  the  bismuth  to 
the  antimony,  heat  must  he  absorbed  at  this  junction,  and  if  no 
heat  is  supplied,  this  junction  must  grow  cold.  Referring  again 
to  the  last  diagram,  we  see  that  this  result,  which  is  known  as 
the  Peltier  effect,  must  be  so;  for,  if  a  current  is  sent  across 
this  junction  from  the  bismuth  to  the  antimony,  we  force  the 
electrons  to  pass  from  the  high  potential  antimony  to  the  low 
potential  bismutli,  and  this  can  be  effected  only  by  the  expend- 
iture of  a  certain  amount  of  energy,  or  by  the  absorption  of  heat. 
Therefore,  if  no  heat  is  supplied  at  this  junction,  the  energy 
which  is  thus  required  to  force  the  electrons  to  pass  from  the 
high  potential  aiitimony  to  the  low  potential  bismuth,  must  be 
taken  from  tlie  heat  which  is  in  the  metals  themselves,  and  the 
junction  accordingly  grows  cold. 

If  the  other  end  of  the  bar  of  antimony  is  joined  to  another 
bar  of  bismuth.  Fig.  270,  the  potential  falls  as  the  current 
passes  to  this  second  bar;  and  here,  as  the  electrons  pass  from 
the  low  potential  bismuth  to  the  liigh  potential  antimony,  they 
not  only  require  no  energy  to  make  them  flow,  but  they  flow  in 
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this  direction  of  themselves,  aitel,  in  so  eloing,  give  out  energy, 
so  tJieil  this  junction  grows  %vemn.     Aecordinglj^,  if  a  current 

from     an     outside 
Potential        Of         Antimony  source       is       sent 

through  a  thermo- 
pile, one  face  ivill 
grow  cold  and  the 
other  warm,  the 
face  which  grows 
cold  being  the 
junctions  wliere 
the  current  passes 
from  the  bismuth 
to  '  the  antimony, 
and  the  face 
which  grows  warm 

being  the  junctions  where  the  current  flows  from  the  antimony 

to  the  bismuth. 


Potential        Of 


Hot 


Bismuth 


Cold 


Direction       Of      Current 

Fig.  270.     The  Peltier  effect. 


465.  Demonstration  of  the  Peltier  Effect.  The  demonstra- 
tion of  the  cooling  and  the  warming  phenomena  due  to  the 
Peltier  effect  may  be  easily  accomplished :  a  bar  of  bismuth  is 
soldered  to  a  bar  of  antimon.y,  and  the  other  end  of  the  bar  of 
antimony  is  soldiered  to  a  second  bar  of  bismuth,  Fig.  271.  If 
a  current  from  an  outside  source  is  sent  through  this  compound 
bar,  the  first  junction  will  become  cooled,  while  the  second 
junction  will  grow  warm,  due  to  the  causes  which  have  just 
been  described.  If  an  air  thermometer  is  placed  around  each 
of  the  two  junctions,  the  air  in  the  first  will  be  cooled  by  the 
cold  junction  and  so  will  contract,  while  the  air  in  the  second  will 
be  heated  due  to  the  hot  junction,  and  so  will  expand. 

But  the  current  in  passing  through  the  resistance  Avhich  this 
conductor  offers  will  heat  the  conductor,  and  so  will  cause  the 
air  in  each  thermometer  to  expand.  This  Joule  heat,  or  /-  B 
heat,  Avhich  is  thus  developed  by  the  current  due  to  the  resist- 
ance of  the  conductor,  is  the  same  in  each  air  thermometer,  and 
therefore  if  the  lower  parts  of  the  tubes  of  the  air  thermometers 
are  connected  together,  the  tendency  of  the  air  in  one  bulb  to 
expand  and  push  the  index  one  way  will  be  counterbalanced  by 
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an  (■((Hill  tciulci;c_v  of  the  air  in  tlio  other  bulb  to  expand  and 
force  the  index  the  other  Avay.  The  movement  of  the  index, 
therefore,  will  be  wholly  nninflnenced  by  the  Joule,  or  /-  li,  heat 
Avhieh  is  developed, 
and  Avill  be  affected 
only  by  the  heat  or 
cold  due  to  the  Pel- 
tier effect.  Accord- 
ingly, if  the  current 
is  sent  through  this 
compound  bar  from 
right  to  left,  the  right 
hand  junction  will 
grow  cold  and  the 
other  will  grow  warm 
due  to  the  Peltier  ef- 
fect, and  this  will  be 
indicated  by  the  eon- 
traction  of  the  air 
(the  rising  of  the  in- 
dex) in  the  right 
hand  air  thermome- 
ter, and  the  expan- 
sion of  the  air  (the  falling  of  the  index)  on  the  left  hand  side. 

If  the  current  in  this  apparatus  is  reversed,  the  junction  which 
was  formerly  heated  now  becomes  cooled,  and  that  which  before 
was  cooled  now  l)ecomes  heated.  In  other  words,  the  Peltier 
effect  is  reversed  when  the  direction  of  the  current  is  reversed, 
that  is.  the  Pcltirr  effect  is  a  phenomenon  which  depeiids  wholly 
upon  the  direction  of  the  current.  In  this  respect  the  heating 
or  cooling  of  a  junction  due  to  the  Peltier  effect  is  different  from 
the  heat  developed  by  a  current  passing  through  a  resistance; 
for  while  the  former  depends  upon  the  direction  of  the  current, 
the  latter  is  wholly  indi^pondont  of  the  direction  in  which  the 
current  flows. 

Another  and  possibly  a  simpler  method  of  showing  the  peltier 
effect  is  to  sendVhe  current  from  a  battery  through  an  ordinary 
thermo-pile  and  a  galvanometer  in  series,  and  to  observe  by  the 
deflection  of  the  galvanometer  the  direction  in  which  the  cur- 
rent flows.     After  this  flow  has  continued  for  a  short  time,  the 
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battery  may  be  removed,  and  the  thermo-pile  connected  directly 
with  the  galvanometer.  In  proof  of  the  Peltier  phenomenon  it 
will  then  be  observed  that  a  current  flows  from  the  thermo-pile 
as  a  source,  thus  shoiving  that  the  two  faces  of  the  pile  had  heen 
brought  to  different  temperatures  by  the  passage  of  the  current 
through  it.  Moreover,  this  current  flows  in  direction  opposite 
to  that  tchich  was  sent  througli  the  pile,  thereby  proving  that  the 
heating  and  the  cooling  of  the  junctions  produced  by  the  current 
was  opposite  to  that  which  would  have  to  be  applied  to  the  pile 
to  generate  a  current  in  the  same  direction.  That  is,  the  junc- 
tions which  would  have  to  be  heated  to  generate  a  current  in 
a  certain  direction  had  been  cooled  by  sending  a  current  in  this 
direction  through  the  pile.  In  other  words,  the  flow  of  current 
across  these  junctions  is  inevitably  associated  with  the  absorption 
of  heat  at  these  junctions. 


CHAPTER  XXXIX. 

ELECTROMAGNET!  SM 

466.  Oersted's  Discovery.  The  year  1819  is  a  memorable 
one  in  the  history  of  electrical  science.  In  that  year,  Oersted, 
Professor  of  Physics  at  Copenhagen,  made  a  discovery  so  fund- 
amental in  its  importance  and  so  fruitful  in  its  results  that  it 
opened  an  entirely  new  field  for  electrical  investigation,  and 
since  that  date  it  has  turned  the  tide  of  thought  and  research 
along  electrical  lines  into  channels  hitherto  unknown. 

Oersted's  remarkable  epoch-making  discovery  was  the  simple 
fact  that  a  wire  carrying  an  electric  current  is  surrounded  by 
a  magnetic  field.  From  this  it  follows  that  a  magnetic  needle 
placed  in  the  presence  of  such  a  wire  is  acted  upon  by  a  force 
which  deflects  the  needle.  Oersted  found  that  the  direction  in 
w^hich  the  needle  turns  depends  upon  the  direction  of  the  current 
and  the  position  of  the  W'ire  with  reference  to  the  needle.  These 
experiments,  which  were  repeated  by  many  learned  men  of  that 
period,  proved  to  be  of  unusual  interest  to  all,  and  to  no  one  more 
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SO  than  to  the  youiig  French  scientist,  Ampere.  This  great 
physicist  not  only  coniirmed.  the  results  heretofore  announced, 
but  discovered  many  truths  regarding  the  magnetic  field  about 
an  electric  current.  IMoreover,  his  investigations  enabled  him 
to  formulate  the  laws  according  to  which  these  magnetic  fields 
react  upon  one  another  and  upon  other  magnetic  fields,  which 
are  known  as  Ampere's  laws  at  the  present  time. 

467.  Ampere's  Rule  for  Determining  the  Direction  of  the 
Current.  It  was  Ampere  who  stated  the  rule  which  still  bears 
his  name  showing  the  direction  of  movement  of  the  magnetic 
needle  with  relation  to  the  direction  and  position  of  the  wire 
carrying  the  current.  In  determining  the 'mutual  action' be- 
tween a  current  and  the  magnetic  needle,  the  conductor  carry- 
ing the  cummt  is  in  all  cases  to  be  held  in  the  magnetic 
meridian,  and  therefore  parallel  to  the  needle.  Ampere's  rule 
is  tlien  as  follows:  //  you  swim  in  the  current  and  with  the 
current,  facing  the  needle,  the  north  pole  of  the  needle  ivill  he 
deflected  towards  your  left.  Thus,  if  the  wire  is  above  the  needle, 
and  the  current  is  flowing  from  south  to  north,  the  little  swimmer 
will  swim  A^dtli  his  face  downward,  and.  the  north  pole  of  the 
needle  will  accordingly  be  deflected  west.  If  the  wire  is  so 
turned  as  to  cause  the  current  to  floAV  south,  and  the  wire  is 
placed  under  the  needle,  the  little  swimmer  wdll  swim  soutli 
with  his  face  upward  (facing  the  needle),  and  the  north  pole 
of  the  needle  will  again  be  deflected  to  the  west. 

Accordingly,  if  the  wire  is  bent  in  the  form  of  a  loop  with  the 
needle  at  the  center,  and  this  loop  is  placed  with  its  plane  in 
the  magnetic  meridian,  the  current  will 
flow  in  one  direction  above  the  needle 
and  In  the  opposite  direction  below  it,  in 
which  case  both  parts  of  the  current  will 
produce  a  deflection  in  tlie  same  direc- 
tion,  and  the  needle  will  then  be  de- 
flected w'ith  a  two-fold  force.    In  a  sim- 
ilar waj^  it  is  seen  that  if  the  wire  is 
carried  above  the  needle,  then  back  be- 
low it.  then  bent  so  as  again  to  pass 
above  it.  Fig.  272,  and  so  on,  or  in  other       yj,..  272.    Tiie  deflection 
words,  if  a  coil  of  wire  is  made  and  the  ^^ %[ocu-icTurlZT  ^^ 
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Fig.  273.  Positions  assumed  by  the 
needle  with  reference  to  a  cur- 
rent. 


needle  placed  at  its  center,  the  effect  which  one  turn  of  wire 
exerts  npon  the  needle  is  multiplied  by  the  number  of  turns 
forming  the  coil,  and  the  action  of  the  current  upon  the  needle 
may  thus  be  increased  almost  indefinitely. 

468.     The  Direction  of  the  Magnetic  Field  About  a  Current. 

A  careful  application  of  Ampere's  rule  enables  us  to  deter- 
mine the  relation  Avhich  exists  between  the  direction  of  the  cur- 
rent and  the  direction  of  the  lines  of  force  in  the  magnetic 
field  about  the  current.  If  the  black  spot  in  the  first  diagram,^ 
Fig.  273,  represents,  the  cross-section  of  the  conductor  carry- 
ing a  current  flowing  towards  the 
plane  of  the  paper,  away  from  the 
observer,  the  direction  of  the  ar- 
rows indicates  the  direction  in 
Avhich  the  north  pole  of  the  nee- 
dle will  turn  when  the  needle  is 
in  the  different  positions  about 
the  wire.  In  a  similar  way  the  black  spot  in  the  second  diagram, 
Fig.  273,  indicates  the  cross-section  of  a  conductor  carrying  a 
current  which  floAvs  from  the  plane  of  the  paper  towards  the 
observer,  and  the  direction  of  the  arrows  indicates  in  each 
case  the  direction  in  which  the  north  pole  of  the  magnetic  needle 

will  move.  At  po- 
sitions intermedi- 
ate between  those 
here  specified,  the 
needle  assumes  in- 
termediate direc- 
tions ;  and  if  the 
needle  is  carried 
continuously  a- 
round  the  wire, 
the  north  pole  Avill 
be  found  to  describe  a  complete  circle,  the  plane  of  the  circle  be- 
ing at  right  angles  to  the  direction  of  the  wire.  Figs.  274  and  275. 
The  fact  that  the  needle  is  thus  acted  upon  by  a  force  indi- 
cates that  a  conductor  carrying  a  current  is  surrounded  by  a 
magnetic  field.   ^Moreover,  since  the  direction  of  the  lines  of  force 


Fir,.  274.  Lines  of  force 
about  a  current  flow- 
ing in. 


Fio.  275.  Lines  of  force 
about  a  current  flow- 
ins  out. 
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in  a  iiiaufiictic  field  is  indicated  at  each  point  by  the  direction 
in  M-liicli  the  iiorth  pole  of  a  magnetic  needle  moves  when  placed 
at  that  point,  we  see  that  the  lines  of  force  about  a  wire  carry- 
inj.'  a.ciiiTent  aiv  circles,  tlie  plane  of  the  circles  being  every- 
Avliere  perpendicular  to  tlie  direction  of  the  conductor  carrying 
the  current. 

If  a  hole  is  1)ored  in  a  piece  of  glass  and  a  wire  carrying  a 
current  is  ])rought  through  tliis  hole,  iron  filings  sifted  npon 
the      glass     will      arrange 
themselves  in  the  form  of 
concentric     circles     about 
the  wire,  showing  that  the 
field  of  force  about  a  cur- 
rent is  a  circular  one,  Fig. 
276.     ]\Ioreover,  if  a  wire 
through  which  a  current  is 
floAving    is   dipped    into   a 
mass   of    iron    filings,    the 
filings    will    clin^    to    the 
wire,  not  in  the   form  of 
tufts   as   they    cling   to    a 
magnet,  but  in  a  compara- 
tively    smooth,      compact 
mass,    thus    showing    also 
that  the  lines  of  force  do  not  radiate  from  a  wire,  as  they  do 
from  the  ends  of  a  magnet,  but  that  they  exist  like  so  many 
nngs  in  the  form  of  circles  about  the  wire  and  concentric  with  it. 
After    examining    diagrams   similar   to    Figs.    274   and   275, 
^Maxwell  formulated  tlie  following  rule  which  enables  us  at  once 
to  del  ermine  the  direction  of  the  lines  of  force  about  a  current 
when  the  direction  of  the  current  is  known:  If  you  were  driving 
a  screw  in  the  direction  in  which  the  current  is  Mowing,  then  the 
lines  of  force  exist  about  the  wire  in  the  direction  in  which  you 
would  have  to  turn  the  screw.     Another  rule  for  the  same  pur- 
pose is  found  wry  serviceable  liy  many:  If  you  look  along  the 
conductor  in  the  direction  in  which  the  current  is  -flowing,  the 
lines  of  force  will  then  extend  about  the  conductor  in  the  direc- 
tion of  the  motion  of  the  hands  of  a  Match.     Still  another  con- 
venient and  simi>lc  means  of  determining  the  direction  of  the 


Fig.  270.     The  circular  magnetic  field  about 
a  current,  as  mapped  by  iron  filings. 
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magnetic  field  about  a  current  is  to  grasp  the  conductor  Avith  the 
right  hand,  the  thumb  extended  in  the  direction  in  which  the 
current  is  floAving,  in  -which  case  the  fingers  are  then  wrapped 
about  the  conductor  in  the  direction  of  the  lines  of  force. 

469.  The  intensity  of  the  Magnetic  Field  About  a  Current. 
From  what  has  been  said  regarding  the  magnetic  field  about 
an  electric  current,  it  is  evident  that  the  effect  of  the  current 
is  produced  not  only  within  the  conductor,  whether  this  is  solid 
or  liquid,  but  in  the  entire  space  around  the  conductor:  for 
the  entire  region  in  the  neighborhood  of  a  conductor  carrying 
a  current  is  filled  with  lines  of  force  which  find  their  origin  in  the 
current.  Indeed,  these  two  phenomena  are  invariably  asso- 
ciated ;  so  that  the  existence  of  a  current  in  a  conductor  implies 
a  field  of  force  about  that  conductor,  and,  conversely,  the 
presence  of  a  field  of  force  about  a  conductor  is  indicative  of 
the  flow  of  current  within.  Therefore,  since  these  lines  of  force 
about  a  current  are  always  intimately  connected  with  the  cur- 
rent itself,  the  strength  of  the  current  may  be  measured  in  terms 
of  the  action  of  this  magnetic  field  upon  a  magnetic  needle  of 
known  strength. 

It  has  been  found  by  experiment  that  when  all  parts  of  a  cur- 
rent are  brought  to  the  same  distance  from  a  magnetic  needle, 
the  force  Avith  Avhich  the  magnetic  field  due  to  the  current  acts 
upon  the  magnetic  needle  is  proportional  to  the  strength  of  the 
current,  to  the  length  of  the  current,  to  the  strength  of  the  pole 
of  the  needle,  and  is  inversely  proportional  to  the  square  of  the 
distance  betAA^een  the  needle  and  the  current.  Accordingly,  if  I 
denotes  the  strength  of  the  current,  L  the  length  of  the  current, 
that  is,  the  length  of  the  conductor  carrying  the  current,  m  the 
strength  of  pole  of.  the  needle,  r  the  distance  betAveen  the  cur- 
rent and  the  needle,  and  F  the  force  with  Avhich  this  current 
acts  on  the  needle,  then 
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^vherc  Ic  is  the  factor  of  proportionality. 

470.  The  Electromagnetic  Unit  of  Current.  In  this  ex- 
pression, which  shows  the  relations  between  the  current  which 
tiows  and  the  force  with  which  this  current  acts  upon  a  mag- 
netic needle,  the  units  of  all  the  quantities  involved  are  known 
except  that  of  the  current,  while  the  value  of  the  constant,  h, 
remains  likewise  unknown.  However,  if  we  agree  to  call  the 
current  unity,  when  the  length,  the  force,  the  magnetic  pole, 
and  the  distance  of  the  current  from  the  pole  are  each  equal  to 
unity,  then 

h  =  1, 

and  the  above  exi3ression  becomes 

7'  ^LLjh 


In  order  to  give  to  h  the  value  of  unity  in  this  expression,  we 
have  thereby  limited  the  value  of  the  unit  current  to  the  above 
conditions.  Therefore,  if  all  parts  of  a  current  are  brought  to 
the  same  distance  from  a  magnetic  pole,  the  electromagnetic 
unit  of  current  is  defined  as  a  current  of  such  intensity  that 
unit  length  of  this  current,  acting  at  unit  distance  from  the 
unit  magnetic  pole,  will  exert  unii  force  upon  that  pole.  All 
parts  of  the  current  may  be  brought  to  the  same  distance 
from  the  needle  by  bending  the  conductor  into  the  arc  of  a  circle 
and  placing  the  needle  at  the  center.  Practically,  therefore, 
the  electromagnetic  unit  of  current  is  defined  as  a  current 
of  such  intensity  that  unit  length  of  this  current,  hent  into 
the  arc  of  a  circle  of  unit  radius,  will  exert  unit  force  upon  a 
unit  magnetic  pole  placed  at  the  center  of  this  arc.  In  other  words, 
the  electromagnetic  unit  of  current  is  defined  as  a  cur- 
rent of  such  intensity  that  a  length  of  1  centimeter  of  this 
current,  hent  into  the  arc  of  a  circle  of  1  centimeter  radius,  ivill 


542  ELECTROMAGNETISM. 

c.rcrt  a  force  of  1  chjnc  upon  a  unit  magnetic  pole  pleiced  at 
the  center  of  this  eirc. 

The  unit  of  current  tlnis  defined  is  known  as  the  electromag- 
netic unit  of  current,  because  its  determination  depends  i\pon 
the  magnetic  relations  of  the  electric  current.  This  is  the 
electromagnetic  unit  of  current  to  which  frequent  refer- 
ence has  been  made  in  the  preceding  pages  (pp.  482,  495).  More- 
over, because  the  determination  of  the  electromagnetic  unit  of 
current  is  so  fundamental,  the  entire  system  of  units  which  has 
to  deal  with  the  flow  of  electricity,  is  known  as  the  electromag- 
netic system. 

As  has  been  pointed  out  (p.  482),  this  unit  at  the  time  of 
its  adoption  was  thought  to  be  too  large  for  ordinary  use  and 
hence  1/10  of  this  electromagnetic  unit  was  taken  as  a 
practical  or  working  unit,  and  was  called  the  ampere.  There- 
fore, the  ampere  is  defined  as  1/10,  or  10~'^,  electromagnetic  imit 
of  current. 

471.  The  Sequence  of  the  Electrical  Units.  A  review  of  the 
electrical  units  will  sliow  that  in  many  instances  one  unit  can- 
not be  detined  without  involving  also  the  definition  of  another 
unit.  Accordingly,  in  defining  these  units,  a  certain  sequence 
must  be  observed,  for  it  is  evident  that  one  quantity  cannot  be 
defined  unless  all  other  quantities  which  enter  into  its  defini- 
tion have  themselves  been  defined. 

From  an  examination  of  these  electrical  units,  it  becomes  evi- 
dent that  the  electromagnetic  unit  of  current  is  the  fundamental 
unit,  inasmuch  as  it  enters  into  the  definition  of  each  of  the  other 
units.  After  this  has  been  defined,  as  above,  in  terms  of  units,  it 
maj''  then  be  used  to  determine  the  electromagnetic  unit  of  electro- 
motive force  or  difference  of  potential,  inasmuch  as  this  unit 
(p.  497)  is  expressed  in  terms  of  the  electromagnetic  unit  of  cur- 
rent, the  unit  of  time,  and  the  unit  of  work  or  energy,  all 
of  which  are  now  known.  When  the  electromagnetic  units  of 
current  and  electromotive  force  are  thus  defined,  then,  and  not 
until  then,  may  the  electromagnetic  unit  of  resistance  be  defined 
(p.  503)  through  the  relations  that  hold  true  in  Ohm's  law. 
Moreover,  the  electromagnetic  unit  of  quantity  of  electricity 
may  now  be  defined  (p.  494),  since  this  unit  depends  upon  the 
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ck'tiiiitions  of  \hv  clcetroina^^iie'tic  unit  of  current  and  the  unit  of 
time.  Finally,  when  the  electromagnetic  units  of  quantity  of 
elect I'icity  antl  difference  of  potential  have  been  defined,  it  is  then 
l)ossil)le  to  define  the  electromagnetic  unit  of  capacity  (p.  498), 
which  is  exi^ivssed  in  terms  of  the  units  of  (juan.tity  and  poten- 
tial. 

472.  Table  of  the  Principal  Electrical  Units.  The  following 
table,  which  gives  the  definitions  of  the  electromagnetic 
units,  and  Avhich  shows  the  relations  betw-een  these  units  and  the 
working  or  practical  imits,  may  be  found  convenient  for  future 
reference. 

The  eleciromagnetic  unit  of  current  is  defined  as  ei 
current  of  such  intensity  that  a  length  of  1  centimeter  of  this 
current,  bent  into  the  arc  of  a  circle  of  1  centimeter  radius,  will 
exert  a  force  of  1  dyne  upon  a  unit  magnetic  pole  placed  at  the 
center  of  this  arc  (p.  541), 

The  ampere,  which  is  the  practical  or  working  unit  of  cur- 
rent, is  defined  as  1/10  or  IQ-i  electromagnetic  unit  of  current 
Cp,  542). 

The  electromagnetic  unit  of  difference  of  potential  or 
electromotive  force  is  defined  as  a  difference  of  pote^itial  of  such 
magnitude  that  it  will  enahle  1  electromagnetic  unit  of  current 
in  1  second  of  time  to  perform  1  erg  of  work  (p.  497). 

The     electromagnetic     unit     of     difference     of  potential     is 

?^,nuo'ooo,or.u'  ^^'  ^><^^'^  electrostatic  unit  of  difference  of 
potential  (p.  496). 

The  A'olt,  which  is  the  pi-actical  or  working  unit  of  dififerenee 
of  potential  or  electromotive  force  is  defined  as  a  difference  of 
potential      equal      to      100,000,000,      or      10"'     electromagnetic 

units  of  difference  of  potential  (p,  497),     The  volt  is  thus      -  ^ 
or  3  X  10"-l  electrostatic  unit  of  difference  of  ])otential. 

The  electromagnetic  unit  of  resistance  is  defined  as  a  resist- 
ance of  such  magnitude  that  1  electromagnefic  unit  of  difference 
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of  potential  applied  to  its  terminals  will  cause  1  electromagnetic 
uiiit  of  current  to  flow  tlirougli  it  (p.  503). 

The  ohm,  which  is  the  practical  or  working  unit  of  ]-esistanee 
is  defined  as  the  resistance  through  Avhich  an  electromotive  force 
of  1  volt  will  cause  a  current  of  1  ampere  to  floAv.  It  is  equiva- 
lent to  1,000,000,000,  or  10",  electromagnetic  units  of  resistance 
(p.  504).  This  resistance  is  represented  for  practical  purposes- 
by  the  international  olim,  which  is  defined  as  "the  resistance  of- 
fered to  an  unvarying  electric  current  by  a  column  of  mercury 
at  the  temperature  of  melting  ice,  14.4521  grams  in  mass,  of  a 
constant  cross-sectional  area,  and  of  a  length  of  106.3  centi- 
jneters"  (p.  505). 

Tlie  electromagnetic  unit  of  quantitxj  of  electricitu  is  defined 
as  tlie  quantity  of  electricity  wliicli  passes  tlirougli  a  circuit  ivlien 
1  electromagnetic  unit  of  current  flows  for  1  second  (p.  494). 

The  electromagnetic  unit  of  quantity  of  electricity  is  30,000,- 
000,000,  or  3  X  10^°  electrostatic  units  of  quantity  (p.  494.) 

The  coulomb,  Avhicli  is  the  practical  or  Avorking  unit  of 
quantity  is  defined  as  1/10  of  the  electromagnetic  unit  of 
quantity.  The  coulomb  therefore  is  the  quantity  of  electricity 
which  passes  tlirougli  a  circuit  when  1  ampere  flows  for  1  second 
(p.  495).  It  is  equal  to  3,000,000,000,  or  3  X  10"  electrostatic 
units  of  cpiantity  (p.  482). 

TJie  electromagnetic  unit  of  capacity  is  defined  as  tlie  capacity 
of  a  conductor  or  a  condenser  wliicli  1  electromagnetic  unit  quan- 
tity of  electricity  ivill  raise  to  1  electromagnetic  unit  of  potential 
(p.  498). 

The  electromagnetic  unit  of  capacity  is  9  X  10"°  electrostatic' 
units  of  capacity. 

The  farad  is  defined  as  the  capacity  of  a  conductor  or  a 
condenser  which  1  coulomb  of  electricity  will  raise  to  the  poten- 
tial of  1  volt.  The  farad  is  therefore  10~^  electromagnetic  units 
of  capacity  (p.  499). 

The  microfarad,  which  is  the  practical  or  working  unit  of 

capacity,  is ^ ,  or   IQ-c,    farad.      It   is  therefore   10-i5 

1,000,000 
electromagnetic  units  of  capacity.     The  microfarad  is  thus  seeiui 

to  be  equal  to  9  X  10"'  electrostatic  units  of  capacity. 
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EiG.  277.  The  field  of 
force  about  a  circular 
current — the  equivalent 
magnetic  shell. 


473.  A  Circular  Current— The  Equivalent  Magnetic  Shell. 
A  most  iinportant  conclusion  is  drawn  from  the  fact  that  a 
magnetic  field  of  force  exists  ai-onnd  a  conductor  through 
which  a  current  is  flowing,  and  Ihat  the  lines  of  force  about 
this  conductor  are  circles,  the  planes  of  these  circles  being 
everywhere  perpendicular  to  the  direc- 
tion of  tlie  current.  If  a  M-ire  carrying 
a  current  is  bent  into  the  form  of  a  loop. 
We  shall  find,  by  applying  IMaxwell's  rule 
for  determining  the  direction  of  the  field, 
that  the  lines  of  force  due  to  the  current 
all  flow  together  through  the  interior  of 
the  loop,  passing  in  at  one  face  and  out 
at  the  other,  Fig.  277,  and  that  they  then 
bend  around  the  outside  of  the  Avire  and 
so  form  closed  curves  about  the  conduc- 
tor. These  lines  of  force,  all  pa.ssing  in 
at  one  face  of  tbe  loop  and  out  at  the 
other,  produce  a  field  of  force  about  the 
loop  precisely  similar  to  that  about  a 
magnetic  shell  (p.  432). 

Accordingly,  a  circular  current  is  equivalent  to  a  magnetic 
shell  and  may  everywhere  replace  the  shell,  provided  the 
conductor  through  which  the  current  is  flowing  coincides  in 
position  with  tlie  boundaries  of  tlie  sliell,  and  the  strength  of 
the  current  is  such  that  the  intensity  of  the  magnetic  field  at 
any  point  due  to  the  current  is  the  same  as  that  which  would 
be  produced  by  the  shell.  From,  this  it  is  seen  tliat  the 
equivalent  magnetic  shell  has  poles,  the  face  of  the  circle  from 
which  the  lines  of  force  emerge  being  tlie  north  pole,  and  that 
into  which  they  pass  being  the  south  pole.  It  follows,  there- 
fore, that  a  circular  current,  if  free  to  move,  will  set  itself  in 
the  earth's  magnetic  field  so  that  the  north  pole  of  the  equivalent 
magnetic  sliell  tlius  formed  will  point  north,  and  the  south 
pole  will  })oint  south. 

In  the  purely  imaginary  magnetic  shell,  where  this  is  corn- 
loosed  of  large  numbers  of  little  magnets,  Ave  may  follow  the 
lines  of  force  only  from  the  nortli  pole  around  the  edges  of  the 
sliell  to  the  south  pole,  Avhile  in  the  equivalent  magnetic  shell 
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produced  by  a  circular  current,  we  may  follow  these  lines 
continuously  as  they  i3ass  in  closed  curves  around  the  conductor. 
The  north  pole  of  a  magnetic  needle  placed  in  the  center  of  an 
equivalent  magnetic  shell  will  be  urged  in  the  direction  of  the 
lines  of  force  of  the  shell,  while  the  needle  itself  will  tend  to 
assume  a  position  parallel  to  these  lines  of  force,  that  is,  per- 
pendicular to  the  plane  of  the  circle  through  which  the  current 
is  flowing. 

474.  The  Galvanometer.  The  presence  of  a  magnetic  field 
around  a  conductor,  and  the  strict  proportionality  between 
the  strength  of  this  field  and  the  current  which  flows  enable 
us  to  measure  the  intensity  of  the  current  in  terms  of  the  force 
which  this  magnetic  field  exerts  upon  a  magnetic  needle.  Any 
device  thus  for  measuring  a  current  in  terms  of  its  action 
upon  a  magnetic  needle  is  called  a  galvanometer,  and  an  in- 
strument constructed  upon  this  principle  forms  one  of  the  two 
types  of  galvanometers  in  common  use  for  measuring  and  de- 
tecting currents. 

There  are  two  general  classes  of  needle  galvanometers :  First, 
those  used  for  absolute  measurements,  which  enable  currents 
to  be  expressed  in  terms  of  the  deflection  of  the  needle  and 
certain  constants  connected  with  the  instrument  itself,  and 
second,  those  in  which  every  precaution  is  taken  to  secure  as 
large  a  deflection  as  possible  from  very  feeble  currents,  and 
which  may  be  calibrated  by  observing  the  deflection  produced 
by  a  known  current.  Galvanometers  of  the  first  class  are  use- 
ful for  determining  very  accurately  comparatively  heavy  cur- 
rents, which  are  surrounded  by  relatively  strong  magnetic 
fields,  while  those  of  the  latter  class  form  very  delicate  in- 
struments capable  of  detecting  currents  almost  indefinitely 
small.  Formerly,  galvanometers  of  the  first  class  formed  prac- 
tically the  only  known  device  for  the  accurate  measurement  of 
relatively  strong  currents,  and  instruments  of  enormous  size 
were  constructed  for  this  purpose.  In  recent  years,  however, 
other  methods  have  been  employed,  and  so  the  galvanometer 
as  a  primary  instrument  has  now  become  obsolete.  On  the 
other  hand,  galvanometers  of  the  second  class  are  still  extensively 
used,  and  occupy  so    important    a    place    in  the  detection  and 
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measurement  of  feeble  currents  that  the  various  principles  upon 
which  their  action  depends  will  be  explained  in  detail. 

475.  Sensitive  Galvanometers.  When  we  have  to  do  with 
exceedingly  weak  currents,  as  is  often  the  case,  the  great  object 
then  becomes  to  devise  a  means  of  detecting  even  the  existence 
of  these  currents;  and  therefore  every  precaution  is  taken  to 
cause  the  magnetic  fields  about  these  feeble  currents  to  be  as 
effective  as  possible  in  their  action  upon4he  magnetic  needle. 
I\Iany  points  have  to  be  taken  into  account  if  the  galvanometer 
is  to  be  made  sensitive,  so  that  even  a  very  feeble  current  will 
produce  a  measurable  deflection  of  the  needle. 

There  are  two  general  types  of  sensitive  galvanometers  in 
use,  the  one,  a  form  of  the  needle  galvanometer,  originally  de- 
vised by  Sir  William  Thomson,  the  late  Lord  Kelvin,  and  the 
other,  the  D'Arsonval,  or  suspended-coil  type.  Only  the  first 
of  these  will  be  described  here,  while  the  D'Arsonval  galvano- 
meter will  be  discussed  later  (p.  559),  aifter  the  principle  upon 
which  it  depends  has  been  more  fully  treated. 

The  first  and  possibly  the  most  obvious  point  to  consider  in 
making  a  sensitive  galvanometer  of  the  Kelvin  type  is  to  wind 
ahout  the  needle  as  many  turns  of  wire  as  possible.  It  has  been 
seen  (p.  538)  that  the  effect  upon  the  needle  is  proportional 
to  the  length  of  the  conductor,  or  that  the  effect  of  one  turn 
of  wire  is  multiplied  by  the  number  of  turns  employed;  and 
hence  in  the  construction  of  a  sensitive  galvanometer  often 
many  thousand  turns  of  wire  are  wound  about  the  needle,  in 
order  that  the  resulting  field  due  to  the  current  may  be  as 
intense  as  possible. 

Another  point  to  be  observed  is  to  use  wire  of  as  good  con- 
ductivity and  of  as  large  diameter  as  is  consistent,  in  order  that 
the  resistance  of  the  galvanometer  may  not  be  too  great.  This 
is  necessary  since  the  resistance  of  the  galvanometer  itself  is 
part  of  the  resistance  through  which  the  current  has  to  flow; 
and  in  order  to  obtain  the  maximum  current,  the  resistance 
must  be  kept  as  low  as  possible.  We  have  also  seen  (p.  540) 
that  the  force  exerted  by  the  current  upon  the  needle  varies 
inversely  as  the  square  of  the  distance  between  the  wire  and 
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the  needle,  and  therefore  it  is  of  the  greatest  importance  to 
have  the  ivire  which  carries  the  current  'brought  very  close  to 
the  needle  upo)i  which  it  acts.  Therefore,  in  a  sensitive  gal- 
vanometer there  is  left  barely  sufficient  space  for  the  needle 
to  swing,  the  wire  being  wound  as  near  the  needle  as  possible 
without  touching  it. 

The  means  of  supporting  the  needle  is  another  matter  to 
which  great  attention  has  been  given  in  the  construction  of  a 
sensitive  galvanometer.  Formerly,  the  needle  was  mounted 
upon  a  pivot,  but  it  was  soon  found  that  the  friction  of  the 
latter  introduced  a  force  which  tended  to  prevent  the  needle 
from  turning  when  a  feeble  current  passed.  The  needle  was 
then  suspended  by  a  single  fiber  of  silk,  as  this  is  unwound 
from  the  cocoon ;  but  a  new  difficulty  arose  from  the  fact  that 
the  silk  does  not  have  perfect  power  of  restitution  (p.  114), 
that  is,  it  does  not  come  back  to  its  original  position  after  it 
has  been  twisted  through  an  angle,  or  at  best  it  does  so  but 
slowly.  It  has  been  found,  however,  that  quartz  may  be  melted 
and  drawn  out  into  a  thread  finer  than  a  spider's  web,  and 
this  is  not  only  perfectly  elastic  but  relatively  stronger  than 
steel.  Therefoj.'e  for  an  exceedingly  delicate  galranotneter  the 
needle  is  suspended  hy  a  quartz  fiber. 

Another  precaution  which  is  taken  in  the  construction  of  this 
class  of  galvanometers  is  the  rejection  of  the  pointer,  with 
which  the  needle  was  formerly  provided  and  by  which  the 
deflection  was  read,  and  the  substitution  in  its  place  of  a  small 
mirror  upon  tvhich  a  beam  of  light  may  be  thrown  and  reflected 
to  a  scale.  The  old  form  of  pointer,  by  its  mass  and  inertia, 
prevented  the  needle  from  responding  to  the  action  of  a  small 
current ;  but  the  beam  of  light  which  is  thrown  upon  the  mirror 
t>f  the  modern  galvanometer  may  be  made  of  indefinite  length, 
and  as  it  has  no  mass,  it  has  also  no  inertia.  Possibly  no  one 
single  improvement  in  the  construction  of  sensitive  galvano- 
meters is  of  greater  value  than  this. 

Another  advance  that  has  been  made  in  securing  the  greatest 
effect  from  the  current  is  in  the  use  of  the  astatic  needle  in 
place  of  the  simple  needle.  The  couple  due  to  the  current 
tending  to  turn  the  needle  out  of  the  magnetic  meridian  is 
always  opposed  by  a  couple  due  to  the  earth's  field  which  tends 
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to  turn  the  needle  again  into  the  magnetic  meridian.  The 
astatic  needle  is  a  device  whereby  the  full  effect  of  the  current 
is  retained,  while  the  effect  of  the  earth's  field  is  very  much 
diminished.  This  needle  consists  of  two  magnetic  needles,  as 
neai'ly  alike  as  possible,  mounted  rigidly  upon  a  connecting 
rod,  with  their  similar  poles  pointing  in  opposite  directions, 
Fig.  278.  If  the  two  needles  were  exactly  alike,  this  astatic 
system  would  remain  in  equilibrium  in  whatever  position  it 
might  be  placed.  In  practice,  however,  one  needle  is  always 
slightly  stronger  than  the  other,  and  hence  its  resultant  pole, 
which  alone  is  affected  by  the  earth's  field,  is  the  difference 
in  the  strengths  of  the  poles  of  the  two  needles  thus  mounted 
together. 


N 


N 


Fig.    278.     The  astatic   needle. 


Fig.    279.     The   flow   of   current 
about  the   astatic  needle. 


The  astatic  needle,  therefore,  tends  to  set  itself  north  and 
south  with  a  very  feeble  force,  which,  indeed,  is  only  the  differ- 
ence between  the  effects  of  the  earth's  field  upon  the  two  needles, 
and  this  dift'erence  may  be  made  exceedingly  small  by  making 
the  neeclles  very  nearly  alike.  However,  by  winding  the  wire 
one  way  around  one  needle  and  the  other  way  around  the 
other  needle,  Fig.  279,  the  full  effect  of  the  current,  is  obtained 
vpon  each  needle  separately;  and  since  the  poles  of  these  needles 
are  in  opposite  directions,  the  forces  exerted  by  the  current 
upon  both  needles  are  in  the  same  direction.  The  effect  of  the 
current  upon  the  astatic  needle  is  therefore  summational,  that 
is,  the  full  effect  of  the  current  upon  one  needle  is  added  to 
tile  full  effect  of  the  current  npon  the  other  needle.     The  effect 
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of  the  earth's  field  upon  the  astatic  needle,  however,  is  only 
differential;  for  the  effect  of  the  earth's  field  upon  the 
stronger  needle  is  almost  neutralized  by  its  opposing  effect 
upon  the  weaker  needle. 

The  entire  suspended  system  of  an  astatic  needle  galvano- 
meter must  he  of  exceedingly  small  mass  in  order  to  have  the 
smallest  possible  moment  of  inertia  (p.  142).  Indeed,  in  a 
good  galvanometer  of  this  type  it  is  frequently  the  case  that  the 
entire  moving  system,  consisting  of  the  two  magnetic  needles, 
the  connecting  bar,  and  the  mirror  with  its  mountings,  has  a 
mass  which  does  not  exceed  a  single  milligram. 

Another  effective  point  in  the  construction  of  a  delicate  gal- 
vanometer is  the  use  of  a  controlling,  or  directing,  magnet.  This 
is  a  weak  bar  magnet,  often  placed  over  the  galvanometer  itself, 
whereby  the  action  of  the  earth's  field  upon  the  astatic  system 
may  be  still  further  diminished.  It  is  found  practically  im- 
possible to  make  an  astatic  needle  so  nearly  balanced  that  the 
earth's  field  will  have  the  desired  feeble  effect.  The  equivalent 
of  this,  however,  is  accomplished  by  bringing  the  controlling 
magnet  to  such  a  point  that  the  opposing  field  of  this  magnet 
may  almost,  hut  not  quite,  neutralize  the  earth's  field;  that  is, 
the  resultant  field  at  the  astatic  needle,  which  is  the  difference 
between  the  earth's  field  and  that  of  the  magnet,  will  be  al- 
most zero.  Indeed,  if  the  controlling  magnet,  is  approached 
still  nearer,  so  that  the  influence  of  its  field  upon  the  needle  is 
slightly  stronger  than  that  of  the  earth's  field,  the  resulting 
field  at  the  needle  may  be  made  as  weak  as  desired,  and  yet  the 
field  of  force  given  another  direction,  which  is  often  con- 
venient. It  is  when  used  in  this  way  that  the  controlling  mag- 
net receives  also  the  name  of  the  directing  magnet. 

476.  Comparison  Between  the  Galvanometer  and  the  Volta- 
meter. It  has  already  been  pointed  out  (p.  488)  that  the  depo- 
sition of  a  metal,  such  as  copper  or  silver,  upon  the  negative 
electrode  of  an  electrolytic  cell  is  an  excellent  means  of  determ- 
ining the  strength  of  the  current.  In  this  measurement  it  is 
assumed  that  the  unit  current,  as  expressed  in  C.  G.  S.  elec- 
tromagnetic units  (p.  541),  has  been  previously  determined, 
and  that  the  electrochemical  equivalent  (p.  487)   of  the  metal 
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to  be  deposited  has  been  carefully  ascertained.  Either  the 
voltameter  (p.  488)  or  the  galvanometer  may  be  used  indiffer- 
ently for  measuring  current,  although  there  are  certain  in- 
herent differences  in  these  two  methods  which  must  constantly 
be  borne  in  mind.  The  galvanometer  measures  the  intensity 
of  the  current  at  any  instant,  and  as  the  current  varies  in  in- 
tensity the  deflection  of  the  needle  varies  also.  The  galvano- 
meter, therefore,  not  only  indicates  the  strength  of  the  current 
at  any  instant  of  time,  hut  shoics  to  ivhat  extent  the  current  is 
varying,  if  this  is  not  constant. 

The  voltameter,  on  the  other  hand,  measures  quantity  of 
electricity,  and  indicates,  by  the  amount  of  metal  deposited, 
the  total  quantity  of  electricity  that  has  passed  for  the  entire 
time  during  which  the  current  has  been  flowing.  If  the  cur- 
rent fluctuates  in  intensity,  a  greater  or  a  less  amount  of  metal 
is  deposited  as  the  current  becomes  stronger  or  weaker,  and 
thus  only  the  average  of  the  current  for  the  entire  time  may  he 
ohtained.  The  voltameter,  therefore,  produces  only  an  integral 
effect,  and  gives  no  indication  of  the  fluctuations  of  the  cur- 
rent or  the  magnitude  of  these  fluctuations,  except  as  these 
would  modify  the  average  of  the  wdiole.  The  difference  be- 
tween these  two  instruments  may  be  expressed  by  saying  that 
the  voltameter  measures  the  quantity  of  electricity  that  has 
heen  flowing  for  the  entire  time,  and  determines  the  average^ 
or  equivalent,  current,  ivhilc  the  galvanometer  measures  the 
strength  of  the  current  at  every  instant,  and  indicates  antf 
changes  or  fluctuation.'^.  In  terms  of  our  ordinary  units,  the  volt- 
ameter measures  total  coulombs,  while  the  galvanometer  measures 
amperes. 


CHAPTER  XL. 


ELECTRODYNAMICS. 


477.  The  Mutual  Action  of  Currents.  Since  every  electric 
■current  is  surrounded  by  a  field  of  force,  it  is  evident  not  only 
that  a  current  must  act  upon  a  magnetic  needle  placed  near  it, 
but  also  that  two  neighboring  electric  currents  must  react  upon 
each  other.  Tlie  nature  of  the  mutual  action  which  two  cur- 
rents are  able  thus  to  exert  becomes  at  once  evident  if  we  con- 
sider the  fields  of  force  Avhieh  exist  about  these  currents.  These 
fields  will  produce  certain  resultant  effects  depending  upon  the 
direction  of  the  lines  of  force,  and  therefore  upon  the  direction 
of  the  currents  in  the  conductors.  In  considering  these  effects 
there  are  three  eases  to  be  considered. 


478.  When  the  Currents  Flow  Parallel  and  in  the  Same 
Direction.  Since  the  currents  flow  parallel  and  in  the  same 
direction,  the  circular  magnetic  field  about  one  current  has  the 
same  direction  as  the  similar  field  about  the  other.  If  we  map 
fout  by  iron  filings  the  resultant  magnetic  field  which  these  two 
currents  produce,  Fig.  280,  we  shall  find  that  the  lines  of  force 
.nearest  the  conductors  are  circles,  but  that  those  farther  away, 

l)ecome  somewhat  eccentric 
and  elongated,  and  that 
finally  a  line  of  force,  after 
passing  around  one  conduc- 
tor, will  also  encircle  the 
other.  Beyond  this  point,  it 
is  found  that  all  the  lines  of 
force  extend  around  the  two 
conductors  in  common, 
thereby  binding  them  to- 
FiG.  280.  Lines  of  force  about  two  cur-  gether ;  and  since  we  attri- 
/jfr^'ectior'"^  '^^'■''"''^  ^""^  '"  ^^^  """"^     bute   to   lines   of   force   the 
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properties  of  tightly  stretched  rubher  cords,  these  lines,  as  they 
conti-aet,  draw  together  the  conductors  about  which  they  are 
wrai)ped.  Therefore,  two  currents  u'hich  floiv  parallel  and  in 
the  same  direction  attract  each  other.  jMoreover,  it  is  seen 
that  this  attraction  is  entirely  magnetic,  and  is  due  wholly  to 
the  contractile  tendency  of  the  lines  of  force  which  are  common 
to  the  two  currents. 

479.  When  Two  Currents  Flow  Parallel  and  in  Opposite 
Directions.  Inasmuch  as  the  currents  are  now  flowing  parallel 
but  in  opposite  directions,  the  circular  magnetic  field  about  one 
is  in  a  direction  opposite  to  that  which  surrounds  the  other. 
In  this  instance,  also,  if  we  maj)  out  by  iron  filings,  the  result- 
ant magnetic  field  produced  by  these  two  separate  fields,  we 
shall  find  that  the  lines  of  force  due  to  both  currents  pass 
through  the  space  between  the  two  currents.  Fig.  281.  Moreover, 
the  lines  of  force  which  are  thus  crowded  together  in  this  limited 
region,  are  parallel  and  in  the  same  direction ;  and,  as  they  can 
never  intersect,  we  Icnow  bj^  the  properties  of  such  lines  of 
force  (p.  424),  that  they  repel  one  another  laterally.  We  shall 
find,  accordingly,  that  in  the  immediate  vicinity  of  the  con- 
ductors the  lines  of  force 
are  circl£s;  but  at  a  greater 
distance,  these  curves  about 
each  conductoi-  become  ec- 
centric, and  are  elongated 
on  the  farther  side.  Eacli 
line  of  force,  therefore  is 
crowded  by  the  other  lines 
of  force  that  pass  through 
this  narrow  space ;  and  as 
lines  of  force  tlnis  crowd  or 
re])el  one  another  later- 
ally, they  must  accordingly  drag  with  them  the  conductors  about 
wliich  they  are  wrapped,  so  that  the  conductors  themselves  are 
forced  apart.  Thus  it  is  seen  that  two  currents  flo^ving*  parallel 
and  in  opposite  directions  repel  each  other.  Moreover,  the 
cause  of  this  repulsion  is  to  be  found  not  in  the  action  of  one 
current  upon  the  otlier,  hut  in  the  mutual  reaction  of  the  fields 
of  force  hy  which  these  currents  arc  surro^inded. 


I'ic.  2S1.  lyiiios  of  force  al>ont  two  cur- 
riMits  flowiug  piirallcl  and  iu  opposite 
(lirec'tioiis. 
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480.  When  Two  Currents  Make  an  Angle  with  Each  Other. 
In  this  case  "\ve  shall  find,  by  a  reasoning  similar  to  that  just 
given,  that  if  both  currents  tlow  towards  an  angle  or  both  flow 
away  from  an  angle,  Fig.  282,  the  magnetic  fields  will  be  such  that 
the  two  currents  will  attract  each  other  and  tend  to  make  the 

angle    smaller ;    but   if   one 
^  '~-^^^^:;:::^— .-,...,^  _,,.,-;:;^^^--^  I      current    flows    towairds    an 

angle   and  the   other   away 
from   this   angle,   the   mag- 
netic fields  will  so  react  that 
these     currents     will    repel 
each  other  and  tend  to  make 
the   angle  larger.     Both  of 
these    results    may    be    ex- 
pressed     by      saying     that 
when  currents  make  an  angle  with  each  other,  they  tend  so  to 
set  themselves  that  they  may  flow  parallel  and  in  the  same  direc- 
tion-. 

In  all  the  cases  here  cited,  the  results  are  those  w^hich  were 
investigated  experimentally  by  Ampere,  and  which  are  em- 
bodied in  the  three  laws  which  are  still  known  as  Ampere's 
laAvs,  as  follows: 


Fig.    2S2. 


Mutual    reactions    of    angular 
currents. 


1.  Currents  flowing  parallel  and  in  the  same  direction  attract 
each  other. 

2.  Currents  flowing  parallel  and  in  opposite  directions  repel 
each  other. 

3.  Currents  ynaking  an  angle  with  each  other  tend  to  hecome 
parallel  and  flotv  in  the  same  direction. 


If  we  examine  the  direction  of  flow  about  a  circular  current 
forming  an  equivalent  magnetic  shell,  we  shall  find  that  the  cur- 
rent in  every  part  of  the  circuit  flows  parallel  and  in  the  opposite 
direction  to  the  current  in  the  opposite  diagonal  part,  Fig.  283. 
By  Ampere's  laws,  therefore,  the  current  in  any  part  of  an  equiv- 
alent magnetic  shell  repels  the  current  in  the  opposite  part,  so 
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that  if  the  conductor  were  made  of 
elastic  material,  the  shell  would  ex- 
pand indefinitely.  Possibly  this  may 
he  seen  more  clearly  by  considering 
that  the  entire  number  of  lines  of  force 
of  the  shell  pass  through  the  opening 
at  the  center ;  and  since  lines  of  force 
repel  each  other,  the  equivalent  mag- 
netic shell  tends  to  exj^and,  due  to  the 
crowding  through  its  center  of  great 
numbers  of  these  lines. 


Fig.  2S3.  Tlie  circle  in 
which  a  current  is  flowing 
tends  to  expand. 


481.  The  Solenoid.  We  have  seen  (p.  546)  that  a  circular 
current  has  about  it  a  field  of  force  in  every  way  similar  to  the 
field  of  force  about  a  magnetic  shell,  and  that  such  a  current 
may  in  ever}^  way  replace  a  magnetic  shell,  where  the  current 
coincides  in  position  with  the  boundaries  of  the  shell,  and  the 
lines  of  force  due  to  the  current  are  the  same  in  number  and 
direction  as  the  lines  of  force  which  form  the  shell. 

A  series  of  circular  currents,  all  flowing  in  the  same  direc- 
tion with  their  planes  parallel  to  one  another,  constitutes  what 
is  known  as  a  solenoid.  In  practice,  however,  the  solenoid  is 
obtained  not  by  having  a  series  of  strictly  circular  currents, 
but  by  winding  the  conductor  through  which  the  current  is 
flowing  into  the  form  of  a  spiral.  Fig.  284.  This  is  equivalent 
to  a  series  of  circular  currents  and  to  a  number  of  linear  dis- 


mom 


Fig.   2S4.     Circular   currents   and    linear     ric.  285.     A  solenoid  is  strictly  eqniva- 
displacements.  lent  to  a  series  of  circular  currents. 

placements,  each  equal  to  the  distance  between  the  turns  of  the 
spiral.  Accordingly,  if  the  straight  conductor  is  carried  back 
to  the  starting  point,  Fig.  285,  this  will  counteract  the  field 
due  to  the  linear  displacements,  and  hence  the  field  of  force 
of  the  solenoid  is  strictly  that  due  to  the  series  of  circular  cur- 
rents. 
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Fig.  2S0.  In  adjacent  turns  of  the 
solenoid  the  currents  flow  parallel  and 
in  the  same  direction. 


Througli  such  a  spiral  conductor,  we  shall  find,  Fig.  286, 
that  the  currents  an  any  side  of  the  solenoid-  flow  parallel  to 
eacli  other  and  in  the  same  direction ;  and  hence  the  field  of 
force  about  any  two  adja- 
cent turns  of  the  conductor 
will  he  the  same  as  that 
aholit  any  two  currents 
flowing  parallel  and  in  the 
same  direction.  Accord- 
ingly, if  we  imagine  the 
plane  of  the  paper  to  be 
a  longitudinal  section  through  the  solenoid,  where  the  heavy 
line,  Fig.  287,  represents  the  solenoid  itself,  the  currents 
in  the  successive  turns  will  flow  toward  the  observer  along 
the  upper  side,  and  away  from  the  observer  along  the  lower 
side.  Immediately  about  the  wires  the  lines  of  force  are  cir- 
cular in  form;  but  at  a  greater  distance,  these  lines,  after 
passing  around  one  conductor,  include  also  the  next  and  the 
next,  and  so  on,  and  ultimately  unite  in  one  continuous  line 
extending  around  the  outside  of  the  solenoid  and  returning 
through  the  center.  Thus,  we  see  that  a  solenoid  is  surrounded 
by  a  magnetic  field,  consisting  of  lines,  of  force  passing  out  at 
one  end,  extending  around  its  entire  length  and  entering  the 
other  end,  only  to  return  in  closed  curves  to  the  starting  point. 
But  this,  as  we  have  seen  (p.  423),  is  precisely  the  nature  of  the 

field  of  force  about 
a  magnet,  where  the 
lines  of  force  ema- 
nate from  the  north 
pole  of  the  magnet, 
pass  in  closed 
curves  to  the  south 
pole,  and  at  this 
point  again  enter 
the  magnet,  only  to 
flow  as  lines  of  mag- 
netization back  through  the  body  of  the  magnet  from  the  south 
pole  to  the  north. 

Since  a  solenoid  has  a  field   of  force  in  every  Avay  sim- 


FiG.    2S1 


The  linear  section    of   a   solenoid,    show- 
ing the  field  of  force. 
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ilar  to  that  about  a  magnet,  a  solenoid  has  all  the  properties  of 
a  magnet,  and  may  in  every  instance  replace  the  latter.  A 
solenoid,  accordingly,  has  two  poles  like  those  of  a  magnet,  the 
one  from  which  tlie  lines  of  force  emanate  being  the  north  pole, 
and  the  one  into  which  they  pass  being  the  south  j)ole.  Inas- 
much, then,  as  a  solenoid  has  all  the  properties  of  a  magnet,  it 
will  set  itself  north  and  south  in  the  earth's  magnetic  field, 
the  similar  poles  of  two  solenoids  will  repel  each  other  while 
dissimilar  poles  will  attract,  the  north  pole  of  a  solenoid  will 
be  repelled  by  the  north  pole  of  a  magnet  and  attracted  by  the 
south  pole,  and  so*  on.  In  fact,  a 
solenoid  behaves  in  every  way  like 
a  magnet. 

A  striking  illustration  of  the 
fact  that  a  solenoid  in  every  case 
resembles  a  magnet,  and  that  a 
very  short  solenoid  behaves  like  a 
magnetic  shell,  is  obtained  by 
means  of  De  la  Hive's  floating  bat- 
tery. Fig.  288.  This  consists  of  a 
plate  of  copper  and  a  plate  of  zinc, 
connected  above  by  a  coil  of  wire 
wound  in  the  form  of  a  short,  thick 
solenoid,  the  whole  mounted  on  a 
cork  so  as  to  float  in  a  solution  of  dilute  sulphuric  acid. 

The  plates  of  copper  and  zinc,  thus  being  immersed  in  the 
dilute  acid,  form  a;  battery  from  which  the  current  flows 
through  the  coil  of  wire  above.  This  then  forms  a  little  sole- 
noid which,  if  left  to  itself,  will  set  itself  in  the  magnetic  meri- 
dian so  that  its  north  pole  wall  point  north.  If  a  magnet  is 
approached,  the  little  floating  solenoid  will  be  repelled  or  at- 
tracted according  as  the  pole  of  the  magnet  brought  near  is  of 
similar  or  of  opposite  nature  to  its  own  pole.  Thus,  if  the 
nortli  pole  of  tlie  magnet  is  presented,  tlie  little  floating 
solenoid  will  set  itself  so  as  to  present  its  south  pole  to  the 
magnet,  and  then  attraction  between  the  two  will  occur.  The 
solenoid  does  not  stop,  however,  when  it  reaches  the  north  pole, 
l)ut  continues  to  move  along  the  nuignet,  coming  to  rest  only 
wlieii    it   reaches   the    center,    Fig.    289,    after   having   slipped 


Fig.    2SS 


De   la    Rive's 
battery. 
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Fig.  2S9.     The  floating  battery  attracted 
by  a  magnet. 


itself  like  a  ring  upon  the  magnet.     When  this  has  taken  place, 
the  little  solenoid  is  in  the  position  of  maximum  stability  with 

respect  to  the  magnet,  that  is, 
the  relative  potential  energy 
between  itself  and  the  mag- 
net has  become  a  minimum. 
In  this  position,  not  only  all 
the  lines  of  force  of  the  little 
solenoid  pass  through  its  in- 
terior space,  but  also  all  the 
lines  of  f'orce  of  the  magnet, 
as  these  flow  from  the  south 
pole  to  the  north  through  the 
body  of  the  magnet. 
This  is  a  beautiful  illustration  of  the  remarkable  theorem 
announced  some  time  ago  (p.  433)  that  a  magnetic  sliell  if 
placed  in  a  magnetic  field  uiill  tend  so  to  move  tliat  tlie  nnmher 
of  lines  of  force  passing  tlirougli  it  will  he  a  maximum, 
that  is,  that  the  potential  energy  between  the  magnetic  field 
and  the  magnetic  shell  will  be  a  minimum.  Indeed,  it  is  simply 
in  accordance  with  this  principle  that  the  equivalent  magnetic 

shell,  or  the  solenoid,  tends  to  set  it- 
self at  right  angles  to  the  magnetic 
meridian  of  the  earth's  field,  because 
in  this  position  there  pass  through  its 
area  not  only  all  the  lines  of  force 
which  it  itself  develops,  but  in  addi- 
tion just  as  many  of  the  lines  of  force 
due  to  the  earth's  field  as  can  be  in- 
cluded within  its  area.  Moreover, 
near  the  conductor  through  which  the 
current  is  flowing,  the  lines  of  force  in  the  earth's  uniform  field 
will,  to  some  extent,  be  deflected,  Fig.  290,  so  that  as  many  of 
these  lines  as  possible  may  pass  through  the  area  encompassed 
by  the  circular  current. 

Application  has  been  made  of  this  principle  in  the  construc- 
tion of  the  D'Arsonval  galvanometer  (p.  547).  This  instru- 
ment consists  of  a  strong  magnetic  field,  produced  by  permanent 
magnets.   Fig.    291,   and  a  delicately  suspended   coil  of  wire. 


Fig.    290.     A   circular   current 
in  a  uniform  magnetic  field. 
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201.     The   principle  of  tlie   D'Ar- 
sonval    galvanometer. 


throiig-li  which  is  sent  the  current  to  be  measured.  In  its  nor- 
mal condition,  when  no  current  flows,  the  plane  of  the  coil  is 
paralk'l  to  the  lines  of  force  of  the  field,  and  is  maintained  in 
this  position  by  the  feeble  torison  of  the  metallic  suspending 
strips.  When,  however,  a  current  is  sent  through  the  galvano- 
meter, the  suspended  coil  becomes  a  solenoid  with  a  north  and 
a  south  pole,  and  therefore 
tends  to  assume  a  direction  at 
right  angles  to  its  former  po- 
sition, that  is,  with  its  poles 
adjacent  to  the  opposite  poles 
of  the  permanent  magnet.  In 
other  words,  it  tends  to  set 
itself  in  the  field  of  the  per- 
manent magnet   so  that   not 

only  its  own  lines  of  force  but  also  those  of  the  field  in  which  it 
is  placed  may  pass  through  it. 

Another  beautiful  experiment  illustrates  the  fact 
tliat  a  circular  current  wall  tend  to  set  itself  so  as  to 
include  within  its  area  the  greatest  possible  number 
of  lines  of  force.  If  a  current  is  sent  through  a  long, 
flexible  conductor  which  is  hanging  beside  a  bar  mag- 
net and  parallel  to  it,  Fig.  292,  the  conductor  will 
wrap  itself  a  number  of  times  in  a  spiral  form  around 
the  magnet,  thus  forming  approximately  a  series  of 
circular  currents,  which  constitute  in  reality  a  long 
solenoid.  Through  the  center  of  this  solenoid  so  pro- 
duced the  lines  of  force  due  to  the  current  flow  in 
the  same  direction  as  those  of  the  magnet,  so  that 
tlie  interior  space  of  the  solenoid  includes  the  lines  of 
force  of  the  magnet  as  well  as  its  own  lines  of  force. 

482.    The  Electromagnet.     If  we  look  down  upon 
Fig.  292.  A  flex-  ^^^^  north  polc  of  a  soUiioid,  the  lines  of  force  which 
wl-aps°"^"tsSf  pass     through     its     interior     will     come     directly 
about  a  iiiag-  towards  US,  and  the  north  pole  of  a  magnetic  needle 
would    likewise    move    in    this    waj-.      By    applying 
Ampere's  rule   for  determining  the   direction  of  the   current 
(p.     537),    we    shall    find    that    the    current    which    consti- 
tutes the  solenoid,  as  we  then  view  it,  is  flowing  in  the  direction 


560  ELECTRODYNAMICS. 

opposite  the  motion,  of  the  hands  of  a  ivatch.  In  the  same  ^yay 
we  shall  find  that  if  we  face  the  south  pole,  we  perceive  the  cur- 
rent flowing  around  the  solenoid  in  the  direction  of  the  motion 
of  the  hands  of  a  watch.  Therefore,  a  knowledge  of  the  direc- 
tion in  which  the  current  flows  in  the  solenoid  enables  us  at 
once  to  tell  nature  of  the  poles. 

If  a  bar  of  soft  iron  is  placed  wdthin  the  solenoid,  it  is  then 
brought  into  the  magnetic  field  -which  there  exists,  and  so  be- 
comes magnetic.  In  other  words,  the  lines  of  force,  due  to  the 
current,  which  would  otherwise  flow  through  the  interior  space 
of  the  solenoid,  now  enter  the  iron  and  flow  through  its  entire 
length.  The  presence  of  the  -lines  of  force  within  the  iron 
causes  each  of  the  molecules  to  set  itself  parallel  to  these  lines 
of  force ;  or,  in  other  words,  the  molecules  of  the  iron  are  now 
arranged  with  their  north  poles  pointing  one  way  and  their 
south  poles  pointing  the  other,  and  the  bar  of  iron  is  therefore 
magnetized.  It  follows,  accordingly,  that  a  bar  of  iron  placed 
within  a  solenoid  around  which  .a  current  is  flowing  becomes 
itself  a  magnet,  and  is  known  as  an  electromagnet,  from  the 
method  of  its  formation.  By. this  means  artificial  magnets  may 
be  made  very  much  stronger  than  natural  magnets,  and,  in- 
deed, stronger  than  artificial  magnets  made  -in  any  other  way. 

483.  Ampere's  Theory  of  Magnetism.  Since  the  poles  of  an 
electromagnet  coincide  in  nature  with  those  of  the  solenoid  in 
which  it  is  placed,. we  find  that  if  we  face  the  north  pole  of  an 
electromagnet,  Fig.  293,  we  see  the  current  in  the  solenoid 
flowing  in  a  direction  opposite  the  motion  of  the  hands  of  a 

watch,  while  if  we  face  the 
south  pole  of  an  electromag- 
net, we  find  this  current 
flowing  i)i  the  direction  of 
the  motion  of  the  hands  of 
a  watch.  If  the  soft  iron 
within    the    solenoid    is    re- 

''"'•  -'\^.oit\T:^f^tv^o^.VlT.   ""■""'     placed    by    steel,    the    steel 

likewise   becomes   magnetic, 

and  retains  its  magnetism  when  it  is  removed  from  the  solenoid. 

Inasmuch  as  the  magnetic  condition  of  the  steel  is  originally 

produced  by  a  current  flowing  through  the  solenoid  around  the 
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magnet,  Ampere  assumed  that  the  magnetism  of  every  perma- 
nent magnet  is  maintained   hy   a   current  ivliich   continues  to 
floiv  around  tlie  magnet.     Id    other    words,    Ampere  believed 
every  permanent  magnet  to  ho  an  electromagnet,  and  to  retain 
its  magnetic  condition  because  of  hypothetical  currents  flowing 
around  it.     Accordingly,  if  wo  face  the  north  pole  of  a  permn- 
nent  magnet,  we  see  these  hy- 
pothetical   currents,    or    the 
Amperian    currents,    as  they 
are      now      called,      flowing 
around  the  magnet  in  a  di- 
rection   opposite    the  motion 
of    the    hands    ox    a    watch, 
or  counter-clockwise.  Fig.  294;  while  if  we  look  upon  the  soutli 
pole  of  a  permanent  magnet,  we  see  these  Amperian  currents 
tlowing  around  the  magnet  in  the  direction  of  the  motion  of  the 
hands  of  a  watch,  or  clockAvise. 

Moreover,  according  to  Ampere's  theory,  a  tiny  eurr(?nt  must 
flow  around  each  molecule  of  a  bar  of  iron  or  steel,  since  each 
molecule  itself  is  believed  to  be  a  magnet.  Around  each  mole- 
cule, therefore,  there  flows  a  minute  Amperian  current,  counter- 
clockwise if  we  look  down  upon  the  north  polo  of  the  molecule, 
and  clockwise  if  we  face  the  south  pole.  If  the  bar  is  unmag- 
netized,  Fig.  295,  just  as  many  of  these  little  molecular  cur- 


FiG.     294.     The      Amperian     currents 
about  a  permanent  magnet. 


Fig.  295.  Molecular  Am- 
perian currents  in 
unmagnetized  iron. 


Fig.  296.  Resultant  Am-  Fig.  297.  Resultant  Am- 
perian current  as  seen  perian  current  as  seen 
from  the  north  polo.  from  the  south  pole. 


rents  flow  in  one  direction  as  in  the  other,  since  there  is  no 
resultant  magnetic  effect.  An  examination,  hoAvcver.  of  these 
molecular  currents  reveals  the  fact  that  the  condition  of  great- 
est molecular  stability  is    produced    when    the   currents  in  ad- 
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jacent  molecules  flow  in  opposite  directions.  It  is  th.en  seen 
that  if  the  molecular  current  flows  clockwise  around  one  mole- 
cule and  counter-clockwise  around  a  neighboring  molecule, 
these  two  currents  flow  parallel  and  in  tJie  same  direction  at 
those  points  ivhere  two  molecules  come  together;  and  since  cur- 
rents which  are  parallel  and  in  the  same  direction  attract  each 
other,  the  two  molecules  are  held  in  this  position  by  tlic  mutual 
attraction  of  these  currents.  "When  the  bar  is  magnetized  by 
being  placed  in  a  solenoid,  the  current  in  the  solenoid  compels 
all  the  molecular  currents  to  flow  in  the  same  direction  as 
itself,  so  that  these  molecules  in  which  the  molecular  currents 
were  formerly  in  the  opposite  direction  are  now  turned  over. 
According  to  this  theory  of  Ampere,  these  tiny  molecular  cur- 
rents continue  to  flow  when  the  bar  is  withdrawn  from  the 
solenoid,  and  the  condition  of  permanent  magnetism  which  the 
bar  now  has  is  due  to  the  persistence  of  these  currents  in  floAV- 
ing  about  the  molecules. 

The  hypothesis  of  these  molecular  Amperian  currents  fur- 
nishes an  explanation  of  the  unstable  condition  of  the  molecules 
of  a  magnetized  bar  of  iron  or  steel  quite  as  well  as  does  the 
theory  which  we  have  formerly  considered.  Although  these 
small  molecular  currents  flow  in  the  same  direction,  that  is, 
either  clockwise  or  counter-cloclrvvise,  al)out  all  the  molecules  of 
a  permanent  magnet,  it  will  be  seen  that  in  contiguous  portions 
of  adjacent  molecules  these  Amperian  currents  flow  parallel 
and  in  opposite  directions.  These  currents,  therefore,  repei 
one  another,  and,  accordingly,  adjacent  molecules  likewise  repel 
one  another;  but  if  the  retentivity  of  the  steel  (p.  407)  is  suf- 
ficiently great,  the  molecules  are  nevertheless  held  in  position, 
and  the  bar  of  steel  becomes  a  permanent  magnet.  Around 
the  outer  edge  of  the  bar,  however,  the  .molecular  Amperian 
currents  all  flow  in  the  same  direction,  and  therefore  all  unite 
into  one  great  resultant  Amperian  current  which  flows  clock- 
wise when  viewed  from  the  south  pole  of  the  magnet,  Fig.  297, 
and  counter-clockwise  when  seen  from  the  north  pole.  Fig.  296. 

484.  The  Modern  Theory  of  Magnetism.  For  many  years 
Ampere's  theory  of  magnetism  has  been  held  to  be  most  in- 
teresting, though  highly  improbable,  inasmuch  as  no  currents 
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which  euuld  produce  the  molecular  maguets  were  kuown  to 
exist.  Moreover,  a  magnetic  theory  based  upon  the  attractions 
and  rei)ulsions  of  parallel  currents  would  not  have  furnished 
an  adequate  explanation  of  magnetism,  for  the  underlying 
cause  of  these  attractions  or  repulsions  could  hardly  bo  inter- 
preted without  the  conception  of  the  lines  of  force  introduced 
later  by  Faraday.  The  discovery,  however,  of  the  electron,  and 
a  partial  knowledge,  at  least,  of  the  constitution  of  the  atom, 
make  it  now  seem  probal)le  that  the  theory  of  Ampere  is,  in  the 
main,  correct. 

As  has  already  been  j^ointed  out,  (p.  340),  an  atom  of  matter 
is  conceived  at  present  to  be  a  number  of  isolated  electrons  re- 
volving with  enormous  velocities  in  regular  orbits  within  the 
atom,  either  about  a  positive  nucleus,  or  in  a  medium  of  "posi- 
tive electrification".  The  electron,  however,  as  it  moves,  there- 
by transports  the  elementary  electrical  charge  of  which  it  is 
composed ;  and  the  movement  of  this  relatively  enormously  large 
quantity  of  electricity  is  what  we  now  understand  to  l)e  the 
electric  current.  The  revolution  of  tJie  electrons  in  th<  iron 
atom,  therefore,  constitutes  a  current  of  electricity  iioiring 
around  this  atom:  and  the  series  of  circular  curi'cnts  thus  ])ro- 
duced  convert  this  atom  into  an  elementary  electromagnet,  with  a 
north  and  a  south  pole,  and  a  complete  magnetic  field. 

Accordingly,  after  nearly  a  hundred  years,  we  return  for  an 
explanation  of  magnetism  to  a  modification  of  the  Amperian 
theory.  The  current  which  Ampere  assumed  to  flow  about  the 
atom  is  now  found  to  exist  in  the  revolution  of  the  electrons 
within  the  atom ;  and,  in  addition,  this  current  furnishes  an 
explanation  of  the  origin  of  the  magnetic  field  of  force,  to  which 
all  magnetic  phenomena  are  now  l)elieved  to  l)e  due. 

485.  The  Work  Done  by  a  Current  in  Moving  Around  a 
Unit  Pole.  Oersted's  discovery  that  a  magnetic  needle  moves 
when  brought  near  an  electric  current  shows  that  the  needle  is 
acted  upon  by  a  force  which  finds  its  origin  in  the  current,  or 
in  the  field  of  force  produced  by  the  current.  AVe  know,  also 
that  a  free  north  pole  will  move  in  a  circle  about  the  current 
(p.  538),  inasmuch  as  the  lines  of  force  about  the  current  ai-e 
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complete  circles.  The  force,  however,  which  exists  between  the 
current  and  the  needle  must  be  a  mutual  one ;  and,  therefore, 
just  as  a  free  north  pole  will  move  around  the  current  if  it  is 
free  to  move  and  the  current  is  fiNied,  so  also  will  the  current 
move  in  an  opposite  direction  around  a  free  north  pole  if  the 
latter  is  fixed  and  the  former  is  free  to  move.  When  we  have 
succeeded  in  determining  the  work  done  by  the  current  thus  in 
making  one  complete  revolution  around  a  magnetic  pole,  it  is 
obvious  that  the  same  expression  will  represent  the  work  done 
by  a  free  north  pole  in  moving^  once  around  the  current. 

In  determining  this  work,  we  may  imagine  the  conductor 
through  which  the  current  is  flowing  to  be  bent  into  the  form 
of  a  semicircle,  and  the  unit  pole  to  be  placed  at  the  center. 

Fig.  298.  If,  then,  the  cur- 
rent /  flows  through  the  semi- 
circle from  A  to  B,  the  north 
pole  at  the  center  will  be 
urged  away  from  the  observ- 
er, while  the  conductor  itself 
will  tend  to  rotate  out  from 
the  plane  of  the  paper  to- 
the  observer  about 
AB  as  an  axis. 

AVe  have  seen  (p.  541)  that  the  expression  for  the  force  be- 
tween a  current  and  a  magnetic  pole  of  strength  m  is 


Fig. 


A  semicircular  current  revolv-  -.ttqi^/Io 
;  about  a   uuit  pole.  v^cllu& 


IZ 


In  this  case,  how^ever,  since 


m  =  1. 


the  expression  for  the  force  becomes 


I  Z 
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Avhere  L  is  the  length  of  the  conductor  from  A  to  B.  If  wu  now 
consider  further  that  this  semicircle  is  divided  into  elements 
of  length,  such  as  ab,  the  force  which  acts  between  each  element 
of  the  current  and  the  unit  magnetic  pole  is 

and  this  force  always  remains  at  right  angles  to  the  current, 
that  is,  at  right  angles  to  the  plane  of  the  semicircle.  If  the 
semicircular  current  makes  one  complete  revolution  about  the 
unit  pole,  the  element  ah  will  describe  a  zone  on  the  surface  of 
a  sphere,  represented  by  ahlVa'.    At  the  same  time  the  force 

I 

I 

which  acts  upon  this  element  of  length,  will  likewise  be  carried 
once  around  the  circumference  of  a  circle  of  radius  r'.  and  an 
amount  of  work  equal  to 


-4  X«&X27rr', 
r 


or 


—  X  area  or  zone 
r 


will  be  done.  In  the  same  way,  each  element  of  the  semicircle 
will  describe  a  zone,  and  will  perform  an  amount  of  work  equal 
to 


— i  X  area  of  the  zone  which  tliat  element  describes. 


Accordingly,  the  total  amount  of  work  done  by  the  entire'  semi- 
circular current  in  making  one  com])lete  revolution  is 


rm 
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Avork 


I 


sum  of  areas  of  all  the  zones, 


I 


a  surface  of  sphere, 


—   X  4  TT  r\ 


4  7r7. 


But  the  unit  pole  at  the  center  of  the  semicircle  sends  out  47r 
lines  of  force  (p.  429),  and  each  of  these  lines  of  force  is  cut 
by  the  conductor  in  making  one  complete  revolution.  We  may, 
therefore,  consider  that  the  work  which  is  done  by  a  current  in 
revolving  about  a  magnetic  polo  is  really  performed  by  the 
conductor  cutting  across  the  lines  of  force  of  the  pole,  and  is 
equal  in  amount  to  the  product  of  the  strength  of  the  current 
and  the  number  of  lines  of  force  wdiich  are  thus  cut.  Accord- 
ingly, in  general,  a  current  in  a  field  of  force  tends  to  move 
in  a  direction  at  right  angles  to  the  lines  of  force,  thereby  cut- 
ting across  the  lines  of  force  of  the  field ;  and  the  work  done  by 
the  current  thus  in  cutting  across  the  lines  of  force  of  the  field 
is  equal  to  the  product  of  the  strength  of  the  current  flowing 
and  the  number  of  lines  of  force  thus  cut. 


486.  The  Work  Done  in  Carrying-  a  Unit  Pole  Through  the 
Loop  Formed  by  a  Circular  Current.  From  the  last  paragraph 
it  is  evident  that  if  the  current  /  performs  4^1  ergs  of  work  in 
moving  once  around  a  unit  pole,  a  unit  pole  will  also  perform 
iirl  ergs  of  w^ork  in  moving  once  entirely  around  the  current  I. 
Accordingly,  if  this  current  flows  in  a  circle,  so  as  to  form  an 

equivalent         magnetic 
-Q  /'      shell,   Fig.   299,    a   free 

north  pole  placed  at  P 
will  move  of  itself  en- 
tirely around  the  cur- 
rent,    that    is,     it    will 


Fig.   2'J9.     a  unit  pole  is  carried  tlirongh  the 
loop  formed  by  a  circular  current. 


move  in  such  a  way  as 
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to  pass  through  the  loop  formed  by  the  current  and  l)aek  to 
its  starting-  point  along  some  patli  such  as  PQRQ',  and  in  so 
moving  Avill  perform 

■inl  ergs  of  work. 

If  an  outside  force  compels  the  unit  pole  to  move  once  through 
the  loop  and  back  again  to  the  starting  ])oint  but  in  the  oppo- 
site direction,  that  is,  along  the  path  PQ'BQ,  the  outside  force 
will  perform 

-l:7r/  ergs  of  work. 

It  is  evident  that  the  result  will  be  the  same  if  the  unit  pole  is 
carried  from  any  other  point  once  through  the  loop  and  back 
again  to  the  same  point,  and  hence  the  proposition  is  generally 
true  that  the  icork  required  to  carry  a  unit  magnetic  pole  once 
flirough  the  loop  formed  hy  a  circular  current  and  hack  again 
in  fix  stariiug  point  is 

AttI  ergs. 

487.     The  Strength  of  the  Field  Inside  a  Solenoid.     In  a 

solenoid  which  consists  of  n  turns  of  wire,  through  each  of 
which  the  current  I  is  flowing,  Ave  have  the  equivalent  of  n  cir- 
cular loops.  Moreover,  since  it  requires  47rZ  ergs  of  work  to 
carry  the  unit  pole  once  through  a  single  loop  and  back  again 
to  the  starting  point,  it  will  require 

■i-n-nl  ergs 

to  carry  the  unit  magnetic  ])ole  entirely  through  the  solenoid 
and  back  again  to  the  stai'ting  ])oint.  Here  I  is  measured  in 
al)solute  units.  If,  however,  as  is  more  often  the  case,  the  cur- 
rent is  measured  in  amperes  (p.  482),  the  work  required  to 
carry  the  unit  pole  once  entirely  through  the  solenoid  and  l)ack 
again  to  the  starting  point  will  l)e 


4:   "T  )l    i 

ergs, 

10 


568 


ELECTRODYNAMICS. 


where  i  expresses  the  current  as  measured  in 
amperes. 

We  can,  however,    form   another  expression 
for  the  work  clone  in  carrying  the  unit  pole 
once  through  and  around  the  solenoid,  and  ])y 
equating  these  two  cpiantities  we   can  derive 
the  expression  for  the  intensity  of  the  field 
within  the  solenoid.    If  we  represent  by  H  tlie 
strength  of  the  field  within  the  solenoid.  Fig. 
300,   we   mean   that   the  unit   pole  placed  in 
this  field  will  be   acted  upon  by  a  force   of 
H  dynes,  so  that  we  shall  have  to  exert  a  con- 
FiG.  300.  A  unit  pole  ^^^^^  ^ ^rce  of  H  dyncs  in  carrying  the  unit 
and^around  a^sofe^  P^-^^  through  the  soleuoid.     If  I  represents  the 
"°^'^-  length  of  the  solenoid,  the  work  done  in  carry- 

ing the  unit  pole  through  the  interior  of  the  solenoid  is 

HI  ergs, 

since  (p.  "117)  work  equals  the  product  of  the  force  acting  and 
the  distance  through  which  it  acts. 

"We  must  now  remember  that  all  the  lines  of  force  due  to  the 
current  pass  through  the  interior  of  the  solenoid,  while  on  the 
outside  they  pass  through  a  region  very  many  times  larger,  and 
hence  the  field  of  force  on  the  outside  of  the  solenoid  is  very 
weak  indeed  as  compared  with  that  upon  the  interior.  There- 
fore, when  a  unit  magnetic  pole  is  carried  entirely  through  a 
solenoid  and  around  on  the  outside  to  the  starting  point,  prnc- 
tically  all  of  the  work  lierein  involved  is  expended  in  carrying 
tJie  pole  througJi  tJie  interior  of  the  solenoid,  while  very  little 
is  required  to  carry  it  around  to  the  starting  point  on  the 
outside.  If  we  neglect  the  latter  small  amount,  we  shall 
have,  as  the  entire  amount  of  work  required  to  carry  the  unit 
pole  once  through  the  solenoid  and  around  on  the  outside  to  the 
starting  point,  approximately, 


HI  ergs. 

Accordingly,  we  have  two  expressions  for  the  Avork  required  to 
carry  a  unit  pole  once  through  the  solenoid  and  around  to  the 
starting  point,  hence, 
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4  "■  n  i 


111  = 


10 


and  from  this, 


11=^-^, 
10/ 

which  is  the  expression  for  the  strength  of  field  inside  the  sole- 
noid. This  expression  is  true  only  upon  the  supposition  that 
the  solenoid  is  very  long  indeed  as  compared  with  its  diameter, 
but  for  short  solenoids  it  is  wholly  inadequate. 

In  addition  to  determining  the  strength  of  field,  we  are  able 
also  to  determine  ilie  total  number  of  lines  of  force  wliicli  pass 
through  the  solenoid.  When  we  say  that  the  strength  of  field 
within  the  solenoid  is  H  we  mean  that  the  unit  pole  placed  there 
will  be  acted  upon  by  H  dynes  of  force.  We  have  learned,  how- 
ever, (p.  428)  that  the  expression  for  the  strength  of  the  field 
indicates  also  the  number  of  lines  of  force  which  pass  through 
one     square     centimeter     of     the     field.     Therefore,     if     the 


strength  of  the  field  inside  the  solenoid  "is    -'^  we  mean  that 

10/ 

^^^^     lines  of  force  pass  through  one  square  centimeter  of  the 
10/ 

interior  of  the  solenoid.    If  r  represents  the  radius  of  the  sole- 
noid, the  area  of  the  solenoid  is  ttt-  square  centimeters.     Since 


4  TT  ?/    / 


10^ 
lines  of  force  pass  through  one  square  centimeter  and  there  are 

square  centimeters  in  the  area  of  the  solenoid,  there  are,  then, 


4  "■  )i  /  3 

>    "T  r 

10/ 
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4  '"'    /•"  n  I 

iofdl  lines  of  force  2xissing  through  flie  soJoioid. 

From  this  expression  for  the  total  number  of  lines  of  force 
passing  through  the  solenoid,  we  are  further  able  to  derive  the 
expression  for  the  equivalent  strcngili  of  pole  of  the  solenoid. 
We  have  learned  (p.  429)  that  there  are  -inr  lines  of  force  eman- 
ating from  a  unit  pole,  and  from  a  pole  the  strength  of  which 
is  ?H  there  emanate  47r)>i  lines  of  force.  If,  therefore,  M  repre- 
sents the  equivalent  strength  of  pole  of  the  solenoid,  there  em- 
anate from  this  equivalent  pole 

47ri¥ 

lines  of  force.    But  we  have  just  seen  that  the  total  number  of 
lines  of  force  passing  out  of  the  end  of  the  solenoid  is 

4  TT'  r^  )i  i 


therefore 

^r      4  TT^  r'  n  ; 

4=TrM=   ; , 

from  which 


JI=  "  '• 
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But  Trr-  is  the  area  of  the  cross-section  of  the  solenoid;  and 
therefore  the  expression  for  the  strength  of  pole  of  the  solenoid 
reduces  to 


,r area       9i_i_ 

~    10    -^     I 
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111  all  of  the  expressions  liero  derivea,  it  is  to  be  observed  that 
the  faetor  ni  oecurs.  Here  »  represents  the  number  of  turns  of 
wire  ui)on  the  solenoid,  and  i  the  current  in  amperes  tlowin- 
throu-h  It.  The  product  ni,  therefore,  is  known  as  the  ampere- 
iunis,  and  this  is  the  f,n-eat  faetor  upon  wi.ieh  the  magnetic 
eftect,  or  the  magnetizing  power,  of  a  solenoid  depends.  Since 
ampere-turns  is  essentially  a  product,  precisely  the  same  effect 
111  every  way  will  be  produced  by  a  current,  for  instance,  of  2 
ami)eres  through  50  turns,  or  by  4  amperes  through  25  turns, 
or  by  5  amperes  through  20  turns,  or  by  10  amperes  through  10 
turns,  and  so  on.  The  result  in  each  case  is  100  ampere-turns, 
and  the  magnetic  effect  of  each  is  the  same.  .Aloreover,  since  I 
represents  the  length  of  the  solenoid,  ilie  expression 


fi  % 

T 

represents  the  numher  of  ampere-turns  per  unit  of  lenejtli.  In- 
troducing this  expression  into  the  three  expressions  ju.st  de- 
rived, we  have 

The  strength  of  field  within  a  solenoid 

~    10  ^  '^"V^''^-^(^''f*-'^  J"^''  ""if  ofhiif/tJi. 
The  total  numher  of  lines  of  foree  passing  through  a  solenoid 

—  "~^75      X  am^Jere-turns  per  m,it  ofJrin/t/,. 
The  cquivedent  strength  of  pole  of  a  solenoid 

Area 

—  2fj     X  (impere-turns  2>er  >n>it  of  hugtl,. 


CHAPTER  XLl. 

THE  MAGNETIZATION  OF  IRON. 

488.  The  Permeability  of  Iron.  If  a  bar  of  iron  is  placed 
within  a  solenoid,  the  lines  of  force  there  present  enter  the  iron, 
and  the  latter  becomes  magnetic.  The  strength  H  of  the  field 
of  force  within  the  solenoid  is  called  the  magnetizing  force  of 
the  solenoid,  inasmuch  as  it  is  this  field  of  force  that  causes  the 
magnetic  condition  of  the  iron.  As  the  lines  of  force  enter  the 
iron,  the  molecules  arrange  themselves  parallel  to  these  lines  of 
force,  and  the  iron  thus  becomes  magnetized.  Before  the  mag- 
netization of  the  bar,  however,  the  molecules  of  the  iron  are 
already  tiny  magnets,  but  are  without  systematic  arrangement, 
so  that  in  this  condition  the}^  form  groups  among  themselves  in 
obedience  to  their  own  molecular  attractions.  The  small  field 
of  force  about  each  molecule,  reacting  upon  similar  adjacent 
fields,  compels  these  molecules  to  assume  positions  of  stability 
with  respect  to  one  another,  so  that  the  lines  of  force  passing 
from  molecule  to  molecule  throughout  the  group  may  be  as 
short  as  possible.  As  soon  as  the  magnetizing  force  of  the  sole- 
noid brings  about  an  orderly  arrangement  of  the  molecules, 
these  molecular  fields  unite  into  one  great  resultant  field  and 
the  magnet  is  then  surrounded  by  its  field  of  force.  The  lines 
of  force  about  a  magnet,  therefore,  represent  the  sum  of  the 
lines  of  force  about  as  many  of  the  molecular  magnets  as  lie 
parallel  to  one  another  and  in  the  same  direction. 

Accordingly,  in  an  electromagnet  there  are  present  really  two 
sets  of  lines  of  force,  or  at  least  lines  of  force  which  have  their 
origins  in  two  different  sources: 

'  1.   Those  which  constitute  the  field  of  the  solenoid,  and  which 
cause  the  magnetization  of  the  iron  within. 

2.  Those  which  belong  to  the  iron  core  in  virtue  of  the  fact 
that  this  is  now  a  magnet  and  hence  is  surrounded  by  its  own 
field  of  force. 

Both  of  these  sets  of  lines  of  force  pass  through  the  body  of  the 
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iron  which  fills  the  intci'ior  of  the  solenoid,  and  hence  the  number 
of  lines  of  force  passing  through  a  solenoid  is  enormously  in- 
creased by  placing  a  bar  of  iron  in  its  center. 

It  is  now  possible  to  regard  this  phenomenon  in  two  entirely 
different  ways.  From  the  first  point  of  view  we  may  think  of 
the  two  sets  of  lines  of  force  as  maintaining  their  individuality 
and  remaining  distinct  throughout  their  entire  circuit.  Just  as 
H  denotes  the  number  of  lines  of  force  that  pass  through  one 
square  centimeter  of  the  solenoid  before  the  iron  is  present,  so 
B  is  used  to  represent  the  total  number  of  lines  of  force  per 
square  centimeter  that  pass  through  the  iron  when  the  interior 
of  the  solenoid  is  filled  with  iron  instead  of  air.  Therefore,  B 
is  always  a  composite  quantity,  being  the  resultant  of  H  and 
the  number  of  lines  of  force  per  square  centimeter  developed 
within  the  iron  when  the  latter  becomes  a  magnet. 

When  the  iron  within  the  solenoid  becomes  magnetized,  it  de- 
velops poles  of  strength  m,  and  from  the  north  pole  of  this 
magnet  there  emanate  4:Trm  lines  of  force  (p.  429).  These  lines 
of  force  pass  in  the  curves  of  lines  of  force  to  the  south  pole, 
and  flow  back  as  lines  of  magnetization  (p.  423)  to  the  north 
pole  through  the  body  of  the  magnet.    If  the  magnet  is  a  square 

centimeters  in  cross  section,  47r  —  lines  of  force  emanate  from 

u 

each  square  centimeter  of  the  polar  surface,  and  47r       lines  of 

magnetization  also  flow  back  from  the  south  i)ole  to  the  north 
through  the  body  of  the  magnet.  Therefore,  each  square  centi- 
meter in  the  cross  section  of  the  iron  within  the  solenoid  carries  // 

lines  of  force  due  to  the  field  of  the  solenoid,  and  also  i-rr  lines 
of  force  due  to  the  magnetization  of  the  iron,  so  that 


5     —    if    -f    477 


//I 


a 

But  (p.  416)  we  have  learned  that  the  expression  —  is  the  quan- 
tity known  as  the  intensity  of  ilic  magnetization,  I,  and  hence 

B  =  H  +  47r/. 
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From  the  other  point  of  view  we  may  regard  the  iron  as  an 
extremely  good  conductor  of  lines  of  force,  or,  to  use  Kelvin's 
expression,  as  extremely  permcahle  to  lines  of  force.  Lines  of 
force  crowd  into  the  iron  because  this  medium  offers  a  very 
much  easier  path  for  lines  of  force  than  does  the  air,  so  that  the 
number  of  lines  of  force  is  enormously  increased  by  allowing 
them  to  pass  through  the  iron.  Accordingly,  a  given  magnetiz- 
ing force  due  to  the  solenoid  will  develop  a  very  much  larger 
number  of  lines  of  force  in  the  iron  placed  within,  and  the  ratio 
of  the  number  of  lines  of  force  per  square  centimeter  developed 
within  the  iron  to  the  number  per  square  centimeter  originating 
in  the  solenoid  is  a  measure  of  the  conductivity  of  tJie  iron  for 
lines  of  force,  or  ilie  permealnlity .  If  /a  denotes  this  factor  of 
increase  in  the  number  of  lines  of  force  in  the  iron,  that  is,  if 
IX  denotes  the  I'atio  by  Avhich  B  is  larger  than  H.  or  the  per- 
meability, then 


and 


B  =  i^II, 


B 

fX  =    . 


Permenhility,  therefore,  may  be  regarded  as  in  every  way  an- 
alogous to  conductivity  for  lines  of  force,  and  may  be  defined  as 
the  ratio  of  'the  number  of  lines  of  force  per  square  centimeter 
developed  within  the  iron  to  the  strength  of  the  field  in  which 
this  iron  is  placed.  In  other  words,  /x  is  defined  as  the  ratio  of 
BXoH. 

Of  the  two  views  of  magnetization  here  presented,  the  latter 
is  possibly  the  more  direct  and  is  the  one  more  commonly  cm- 
ployed.  This  is  true,  because  in  practice  the  object  is  mainly  to 
ascertain  the  number  of  lines  of  force  developed  within  the  iron, 
without  raising  the  question  as  to  the  source  of  particular  lines, 
or  their  division  into  groups.  The  former  view,  however,  is  far 
more  instructive,  for  here  Ave  trace  the  origin  of  the  lines  of 
force  which  appear  in  the  iron,  and  are  offered  a  full  and  com- 
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plete  explanation  of  the  forces  of  magnetization,  certainly  so 
far  as  the  phenomenon  of  magnetization  can  be  explained. 

The  quantity  here  designated  as  B  is  known  as  tlie  indudion 
m  the  iron,  and  the  lines  of  force,  so  long  as  they  remain  in  the 
iron,  are  spoken  of  as  lines  of  induction.  It  is  evident  that  the 
degree  of  magnetization  depends  upon  the  number  of  these  lines 
of  induction,  the  greater  the  induction  the  higher  the  degi-ee  of 
magnetization.  Permeahility,  therefore,  may  he  defined  as  the 
ratio  of  induction  produced  in  the  iron  to  the  magnetizing 
force  of  the  field. 

The  magnetization  of  iron,  however,  is  complicated  h\  the 
fact  that  the  ratio  of  B  to  H,  or  the  permeeihUitij,  is  not  constant, 
but  depends  upon  the  strength  of  the  field  H,  upon  the  quality 
of  the  iron,  and  upon  the  previous  history  of  this  iron  as  regards 
magnetization. 

489.  The  Curve  of  Mag-netization  of  Iron.  An  excellent  idea 
of  the  value  of  tt  for  different  strengths  of  field  may  be  obtained 
from  the  curve  known  as  the  curve  of  magnetization.  In  this 
curve,  Fig.  301,  the  different  values  of  //  are  plotted  as  abscis- 
sae, while  the  corresponding  values  of  B  are  plotted  as  ordi- 
nates.  We  thus  obtain  a  curve  from  which  the  value  of  /x  may  be 
determined  for  each  corresponding  value  of  H. 

As  we  plot  such  a  curve,  we  find  that  for  very  small  values' 
of  the  magnetizing  force  very  little  induction  in  the  iron  is  pro- 
duced, therefore  the  first  part  of  the  curve  is  fiat  and  does  not 
depart  very  much  from  the  horizontal  axis.  Soon,  howevei'.  as 
the  magnetizing  force 
is  increased,  the  in- 
duction in  the  iron 
increases  almost  in  di- 
rect proportion  to  the 
magnetizing  force,  so 
that  there  is  a  por-  )^  loooo 
tion  of  the  curve  that 
slopes  rapidly  up- 
ward and  is  nearly  a 
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varies. for  different  kinds  of  iron.  For  good  specimens  of  soft 
wrought  iron,  B,  may  here  reach  a  value  as  high  as  18,000,  while 
the  corresponding  value  of  H  is  about  50.  The  curve  then  makes 
a  gradual  bend  to  the  right,  and  continues  to  rise  only  very 
slightly,  being  nearly  parallel  to  the  horizontal  axis,  so  that  a 
further  increase  in  the  magnetizing  force  produces  only  very 
slight  increments  in  the  induction  in  the  iron. 

An  investigation  of  the  molecular  changes  which  take  place 
in  the  iron  during  magnetization  furnishes  an  explanation  of 
the  facts  set  forth  in  this  curve  of  magnetization.  When  a  very 
weak  current  is  sent  through  the  solenoid,  that  is,  when  the  mag- 
netizing force  is  very  small,  we  have  seen  that  a  very  feeble  in- 
duction is  produced  in  the  iron,  so  that  the  first  portion  of  the 
curve  is  very  low  and  flat,  and  is  nearly  parallel  to  the  horizon- 
tal axis.  This  is  interpreted  as  meaning  that  the  molecules  of 
the  unmagnetized  iron  have  settled  into  positions  of  maximum 
stability,  and  form  groups  or  chains  among  themselves,  the  north 
pole  of  one  molecule  attracting  and  holding  in  position  the  south 
pole  of  the  one  adjacent.  When  a  feeble  magnetizing  force  is 
applied,  certain  molecules  are  slightly  displaced  from  their 
former,  more  stable  positions,  although  the  groups  are  not  yet 
broken  up.  As  soon  as  the  magnetizing  force  is  removed,  these 
molecules  spring  back  again  into  their  former  relations  to  one 
another,  and  so  contribute  nothing  to  the  permanent,  or  residual, 
magnetism  of  the  bar.  This  constitutes  the  first  stage  in  the 
process  of  magnetization. 

After  these  first  small  deviations  in  the  molecular  groupings 
have  been  effected,  some  of  the  molecules  forming  a  cluster,  or 
chain,  are  then  just  on  the  point  of  turning  over.  An  increase, 
therefore,  in  the  magnetizing  force  compels  at  first  a  few,  and 
then  more  and  more,  of  the  molecules  to  set  themselves  in  the 
direction  of  the  lines  of  force,  so  that  during  this,  which  is  the 
second  stage  in  the  process  of  magnetization,  the  induction  in- 
creases almost  exactly  in  proportion  to  the  magnetizing  force, 
and  therefore  this  part  of  the  curve  is  very  nearly  a  straight 
line.  During  this  stage  of  the  process,  a  larger  and  larger  num- 
ber of  the  molecules  are  setting  themselves  parallel  to  one  an- 
other, so  that  the  induction  which  is  produced  may  be  taken  as 
indicative  of  the  relative  number  of  tlie  molecules  that  are  thus 
arranged  in  parallel  positions. 
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After  a  magnetizing  force  of  about  50  has  been  reached,  it  is 
found  that  nearly  all  the  molecules  that  can  be  readily  turned 
about  by  a  moderate  magnetizing  force  have  fallen  into  position 
parallel  to  those  which  have  thus  been  turned  previously.  For 
a  little  distance  on  the  curve,  therefore,  it  is  found  that  an  in- 
crease in  the  magnetizing  force  turns  into  position  only  a  small 
number  of  molecules,  because  nearly  all  have  already  set  them- 
selves parallel  to  one  another,  and  those  which  are  not  thus 
turned  are  very  rigidly  bound  to  their  neighbors.  It  is  on  this 
account  that  the  bend  of  the  curve  is  produced.  Af  this  point, 
therefore,  it  is  certain  that  practicaUy  all  the  molecules  are  par- 
allel to  one  another  and  pointing  in  the  same  direction;  and  as 
it  is  impossible  to  make  these  molecules  any  more  than  parallel, 
ii  is  likewise  impossible  to  increase  the  induction  beyond  this 
point.  Therefore,  at  the  bend  of  the  curve  the  magnet  is  said  to 
be  saturated,  because  at  this  point  the  molecules  are  parallel  to 
one  another. 

The  third  step  in  the  process  of  magnetization  lies  beyond 
this  point.  Here  it  is  found  that  enormous  increases  in  the  mag- 
netizing force  are  successful  in  turning  into  position  only  occa- 
sional molecules,  or  possibly  by  forcing  those  which  have  turned 
into  position  to  set  themselves  more  strictly  parallel  to  the  lines 
of  force.  The  increase  in  the  nuignetism  produced,  however, 
is  only  very  slight  indeed;  and  in  practice  it  is  found  Avholly 
useless  to  carry  the  magnetization  beyond  the  point  of  satura- 
tion. 

Ewing  has  devised  a  magnetic  moder  consisting  of  a  number 
of  little  magnetic  needles  mounted  within  a  solenoid.  The  little 
needles  represent  the  molecules  of  an  unmagnetized  hav  of  iron, 
and  point  in  all  possible  directions,  forming  long  chains  or 
groups,  Fig.  302,  while  the  solenoid  represents  the  magnetizing 
coil  by  Avhich  this  is  to  be  magnetized.  A  very  feeble  current 
sent  through  the  solenoid  will  cause  certain  lines  or  groups  of 
molecules  to  turn  only  slightly.  Fig.  303,  without,  however, 
breaking  up  or  interrupting  the  particular  molecular  chains  of 
which  they  are  members,  thus  representing  the  first  stage  in  the 
process  of  magnetization.  After  this,  as  a  stronger  current  is 
sent  through  the  solenoid,  it  is  found  that  the  needles  turn  into 
position  nearly  in  pi-opoi'tion  to  the  increase  in  the  current,  un- 
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til  finally  they  are  practically  all  turned  and  lie  parallel  to  one 
another,  Fig.  304,  though,  owing  to  their  mutual  attractions, 
they  are  not  absolutely  parallel  to  the  lines  of  force  of  the  sole- 
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Fig.   302.   Chains  and  groups   of   mole- 
cules in  nnmagnetized  iron. 


Fig.  303.  First  stage  of  magnetization— 
the  molecular  chains  are  not  yet 
broken. 


noicl.  This  illustrates  the  second  stage,  and  the  "magnet"  is 
now  saturated.  As  the  current  is  still  further  increased,  the 
main  effect  to  be  observed  is  a  slight  movement  of  all  the  mag- 
netic needles,  Fig.  305,  as  they  set  themselves  more  nearly  ex- 
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Fig.  304.  Second  stage  of  magnetiza-  Fig.  305.  Third  stage  of  magnetiza- 
tion— the  molecules  are  pointing  in  tion — the  molecules  are  parallel  to  the 
one  direction.  lines  of  force  of  the  field. 

actly  parallel  to  the  lines  of  force  of  the  solenoid.  This  illus- 
trates the  third  stage  of  the  process,  where  a  very  great  increase 
in  the  magnetizing  force  produces  only  a  very  slight  increase 
indeed  in  the  strength  of  the  magnet. 


496.  Hysteresis.  If  a  bar  or  iron  is  subjected  to  an  increas- 
ing magnetizing  force  //,  tlie  induction  B  will  increase  in  the 
iron  until  the  latter  becomes  saturated,  and  beyond  this  point  B 
will  increase  but  very  little,  even  though  H  may  be  very  great. 
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The  curve  wliicli  shows  the  magnitude  of  B  for  given  values  of 
//  is  the  curve  of  magnetization  which  has  just  been  described. 

If  an  unmagnetized  bar  of  iron  is  subjected  to  this  process  of 
magnetization  and  the  results  plotted  on  axes  of  H  and  B,  we 
shall  find  as  before  that  as  the  magnetizing  force  H  increases, 
the  value  of  B  increases,  and  the  curve  of  magnetization  Oa,  Fig. 
306,  is  obtained. 
After     the     iron 

has  thus  been  mag- 
netized,   it   will   be 

found    that,    if   the 

magnetizing      force 

is     decreased,     the 

value  of  B  will  also 

decrease.       If      the 

molecules      of     the 

iron  were  perfectly 

free    to    move,     B, 

Avould   always   have 

the  same  value  for 

a  given  magnetizing 

force,    whether    the 

latter  were  increas-  """'■  ^'"'-  "^"^  hJ-terosis  i-o,. 

ing  or  diminishing.  But  even  in  the  softest  iron,  the  molecules, 
due  to  their  mutual  polar  attractions  for  one  another,  Fig.  304. 
have  a  certain  rigidit.y  of  position  wliich  ]nwents  them  f  rem  turn- 
ing around  with  perfect  freedom.  After  the  iron  has  Ix'cn  fully 
saturated,  the  molecules,  due  to  these  attractions,  tend  to  some 
extent  to  stay  in  this  position  of  parallelism,  so  that  for  the  same 
value  of  //  the  value  of  B  is  greater  on  the  descending  curve 
tlian  on  the  ascending  one.  For  decreasing  values  of  H,  there- 
fore, the  curve  of  magnetization  does  not  coincide  with  the 
curve  obtained  for  increasing  values  of  //,  but  lies  considerably 
higher  than  the  latter,  thus  forming  tlie  portion  ah  of  the  curve. 
Indeed,  when  the  magnetizing  force  has  been  reduced  to  zero,  a 
large  number  of  the  molecules  of  the  iron  still  stay  in  position. 
l)rodueing  an  induction  indicated  by  tlie  distance  Oh.  This 
distance  Oh,  then,  represents  the  magnetism  in  the  iron  after 
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the  latter  has  been  magnetized  and  tlie  iiiagnetizin":  force  en- 
tirely removed,  that  is.  Oh  represents  the  residual  magnetism 
(p.  414).  It  is  evident  that  h  will  lie  lu^arer  the  point  0  for 
soft  iron  than  for  very  hard  iron  or  steel. 

If  the  current  through  the  magnetizing  solenoid  is  now  re- 
versed, the  magnetizing  force  will  also  1)e  reversed,  and  will 
tend  to  cause  the  molecules  to  set  themselves  in  the  opposite 
direction.  But  the  iron  has  now  an  amount  of  residual  magnet- 
ism represented  by  Oh;  hence  a  magnetizing  force  equal  to  Oc 
must  be  developed  in  the  opposite  direction,  in  order  to  destroy 
this  residual  magnetism  and  reduce  the  iron  once  more  to  its 
completely  unmagnetized  condition.  Oc  then  indicates  the  de- 
gree of  stability  of  the  permanent  magnetism,  and  is  called  the 
coercive  force  of  the  iron,  for  this  is  tlic  magnetizing  force  that 
must  be  applied  in  the  opposite  direction  to  overcome  the  mole- 
cular polar  attractions,  that  is,  to  destroy  the  residual  magnet- 
ism. As  the  magnetizing  force  //  is  still  further  increased,  the 
magnetism  of  the  iron  now  increases,  of  course  in  the  opposite 
sense  to  its  former  magnetization ;  until  the  point  of  satura- 
tion is  reached  at  d.  If  the  magnetizing  force  is  now  once  more 
decreased,  the  magnetism  of  the  iron  will  again  lag  behind,  so 
that,  when  H  has  again  been  reduced  to  zero,  there  still  remains 
an  amount  of  residual  magnetism  in  the  iron  represented  by 
Oe.  The  current  in  the  magnetizing  solenoid  must,  therefore, 
again  l3e  reversed,  and  the  magnetizing  force  brought  to  the  value 
Of  liefore  the  iron  loses  its  residual  magnetism.  Here  again  the 
magnetizing  force  Of  represents  the  coercive  force  of  the  iron. 
It  is  to  be  observed,  however,  that  although  the  iron  is  now 
once  more  in  its  original  unmagnetized  state,  the  curve  does  not 
close,  since  the  magnetizing  force  Of  still  acts.  7/.  therefore, 
must  again  be  increased,  and  this  AviU  cause  B  to  increase  in 
value  until  the  point  of  saturation  a  is  once  more  reached,  when 
the  curve  closes,  and  the  cycle  is  complete. 

The  iron  has  now  been  magnetized  to  saturation,  demag- 
netized, magnetized  to  saturation  in  the  opposite  direction,  de- 
magnetized, and  again  magnetized  to  saturation  in  its  original 
direction,  so  that  the  values  of  B  and  H  coincide  with  their 
former  values.  Ah  entire  cycle  of  operations  has  therefore 
been  completed,  and  a  closed,  loop-shaped  curve  a  h  c  d  e  f  has 
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been  traced.  The  lagging  of  the  induction  behind  the  magne- 
tizing force,  due  to  the  molecular  i)olar  attractions,  is  termed 
luj^eresis  (to  lag  behind),  and  this  loop,  through  one  cycle  of 
magnetization,  is  called  the  hysteresis  loop.  The  softer  the  iron, 
that  is,  the  freer  molecules,  the  more  nearly  will  the  two 
sides  of  the  loop  come  together,  while  the  harder  the  iron,  or 
the  more  rigidly  held  the  molecules,  the  greater  is  the  residual 
magnetism,  the  greater  also  is  the  coercive  force,  and  the  more 
widely  are  the  two  sides  of  the  loop  separated. 

491.  The  Loss  of  Energy  Due  to  Hysteresis.  The  rigidity  of 
the  molecules,  which  has  been  mentioned  above,  must  be  con- 
strued as  due  not  at  all  to  forces  of  the  nature  of  friction,  l)ut 
solely  to  the  polar  attractions  which  the  molecules  have  for  one 
another.  On  account  of  these  polar  attractions,  the  molecules  of 
the  unmagnetized  iron  form  groups  of  maximum  stability,  so 
that  work  must  be  done  by  the  magnetizing  force  in  magnetiz- 
ing the  iron,  that  is,  in  turning  these  molecules  around  and 
making  them  lie  parallel  to  one  another.  After  this  has  been 
accomplished  and  the  magnet  is  thus  saturated,  if  the  magne- 
tizing force  is  then  decreased  to  zero,  a  few  of  the  molecules 
return  to  their  nndisturbed  positions,  and  in  so  doing  give  back 
the  energy  which  was  expended  upon  them  in  breaking  up  the 
original  groups.  The  larger  number,  however,  remain  in  their 
condition  of  parallelism,  thus  causing  the  descending  part  of 
the  curve  to  deviate  from  the  ascending  portion ;  and  as  these 
molecules  thus  lag  behind  the  magnetizing  force,  they  occasion 
the  phenomenon  of  hysteresis,  and  give  rise  to  the  residual  mag- 
netism which  the  iron  then  possesses. 

Although  thus  held  parallel  to  one  another,  these  molecules 
are  in  a  relatively  unstable  position,  so  that  a  comparatively 
small  amount  of  energy  must  be  expended  upon  them  to  bring 
them  again  into  their  former  groups,  or  to  reduce  the  iron 
once  more  to  its  unmagnetized  condition.  Therefore,  when  an 
entire  cycle  of  magnetization  has  been  completed,  and  the  iron 
is  again  brought  back  to  a  given  magnetic  condition,  it  is  obvious 
that  more  energy  has  been  expended  in  breaking  up  the  original 
stable  molecular  groups  when  the  iron  was  magnetized,  than 
has  been  returned  bv  the  molecules  in  once  more  forming  these 
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groups  during  the  process  of  demagnetization.  In  other  words. 
a  perfectly  definite  resultant  expenditure  of  energy  is  required 
to  carry  a  given  sample  of  iron  through  a  complete  cycle  of 
magnetization.  Moreover,  since  the  magnetic  condition  of  the 
iron  is  the  same  before  and  after  the  completion  of  the  cycle, 
this  energy  cannot  be  stored  up  in  the  iron,  and  the  question 
may  fairly  be  raised  as  to  the  form  in  which  it  then  exists. 

The -answer  to  this  question  may  be  obtained  by  considering 
that,  w'hen  the  magnetizing  force  is  applied,  the  molecules  turn, 
at  first  slightly,  and  then  more  and  more,  without,  however, 
destroying  their  original  groups.  Fig.  303,  until  this  force  be- 
comes sufficiently  intense  to  cause  these  particles  to  break  away 
from  their  stable  positions  and  assume  the  parallel  condition. 
The  potential  energy  which  has  thus  been  stored  up  in  the  mole- 
cules before  they  yield  becomes  kinetic  when  the  rupture  is  finally 
effected,  so  that  they  fly  past  their  new  positions  of  equilibrium, 
and  oscillate  back  and  forth  many  times  about  these  points  be- 
fore coming  to  rest.  The  vibration  of  each  molecule  causes 
similar  vibrations  to  take  place  among  the  adjacent  molecules; 
and  as  the  kinetic  energy  of  the  molecules  is  thus  increased,  the 
temperature  of  the  iron  is  thereby  raised. 

Accordingly,  the  resultant  energy  which  is  expended  in  carry- 
ing a  sample  of  iron  through  a  complete  cycle  of  magnetization 
is  wasted  as  regards  effective  results,  and  is  dissipated  in  the 
form  of  heat.  The  amount  of  energy  thus  lost  depends,  there- 
fore, upon  the  rigidity  of  the  molecules,  that  is,  upon  the  hard- 
ness of  the  iron ;  and  this  rigidity,  as  we  have  seen,  is  the  cause 
of  the  lagging  of  the  induction  behind  the  magnetizing  force, 
which  gives  rise  to  hysteresis.  The  softer  the  iron,  the  more 
nearly  does  the  induction  follow  the  magnetizing  force,  and 
the  narrower  is  the  loop ;  while  the  harder  the  iron,  the  greater 
is  the  coercive  force  required  to  destroy  the  residual  magne- 
tism, and  the  wider  is  the  loop.  Thus,  the  area  of  the  hysteresis 
curve  is  indicative  of  the  hardness  of  the  iron,  and  of  the 
energy  losses  which  occur  during  the  process  of  magnetization 
and  demagnetization. 

The  form  and  -area  of  the  hysteresis  loop  are  consequently  of 
the  greatest  service  in  ascertaining  the  quality  and  the  character- 
istics of  a  sample  of  iron;  for   this   loop    indicates  at  once  the 
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permeability,  the  retentivity,  and  coercive  force  of  the  iron,  while 
its  area  is  a  measure  of  the  energy  which  has  been  wasted,  or 
dissipated  in  heat,  in  carrying  this  particular  kind  of  iron 
through  a  magnetization  cycle.  Therefore,  according  to  the 
purpose  for  which  it  is  to  be  employed,  the  iron  should  be  se- 
lected with  reference  to  its  qualities  as  shown  b^^  the  hysteresis 
loop.  For  the  armatures  of  dynamos  (p.  603),  and  for  the 
cores  of  transformers,  (p.  599),  where  the  iron  must  be  rapidly 
magnetized  and  demagnetized,  a  good  quality  of  soft  wrought 
iron  should  be  used,  since  this  has  a  high  permeability,  a  low 
coercive  force,  and  a  hysteresis  loop  so  slender  that  it  indicates 
a  small  energy-loss  by  heating.  For  permanent  magnets,  how- 
over,  glass-hard  tungsten  steel  or,  still  better,  molybdenum  steel, 
should  be  selected;  for,  while  these  have  a  lower  permeability, 
they  also  have  hysteresis  loops  Avhich  are  very  broad  and  thick, 
thereby  showing  that  each  of  these  hardened  steels  has  an  ex- 
tremely great  coercive  force,  which  is  the  quality  essential  for 
maintaining  the  strength  of  a  permanent  magnet. 


CHAPTER  XLII. 

ELECTROMAGNETIC   INDUCTION. 

492.  Electromotive  Force  Generated  by  Cutting  Lines  of 
Force.  In  a  former  article  (p.  566)  it  was  shown  that  47rZ  ergs 
of  work  are  done  when  a  semicircular  current  makes  one  com- 
plete revolution  about  a  unit  pole  at  its  center,  and  that  this 
work  is  done  by  the  current  in  cutting  the  47r  lines  of  force  which 
this  unit  pole  sends  out.     If  E  represents  the  resistance  between 

A  and  B,  Fig.  307,  and  E  is  

tlio    difference    of  potential  /^  >y 

whicli   exists  between  these  ^f  \ 

points   when  the  conductor      —J- -^ .L 

is  at  rest,  and  if,  further-  \  E!  y 

more,  the  semicircular  cur-  "^^^  ^^^ 

rent    makes    one    complete     t-,  ,  ^a-    »        ■  •     7"  *        ^ 

^  Fn;.  J0(.   A  somu-irciilar  cui-rent   n'v. liv- 

ing  about    a    unit   i)olt'. 
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revolution  in  t  seconds,  then  by  the  law  of  the  conservation  of 
energy,  the  energy  of  the  current  must  equal  that  consumed  as 
heat  in  the  conductor  plus  the  amount  expended  by  the  current 
in  doing  external  work.     Accordingly  (p.  520), 

IEt  =  r-Rt  +  4:7rI, 
from  which 


I 


Et  —  47r 


or 


1  = 


E-  1^ 


11 


The  expression  is  in  the  form  of  the  equation  representing 
the  flow  of  current  by  Ohm's  law,  where  the  numerator  of  the 
fraction  is  the  total  electromotive  force  acting,  and  the  denom- 
inator is  the  resistance  through  which  the  current  flows.  It  is 
thus  seen  that  t\e,  expressio7i 


£5 

t 


is  of  the  nature  of  an  electromotive  force,  and  that  tJiis  electro- 
motive force  has  been  generated  hy  the  conductor  cutting  across 
the  lines  of  force  of  the  magnetic  pole.     Furthermore, 

t 

likewise  expresses  the  rate  at  which  the  47r  lines  of  force  which 
emanate  from  the  unit  pole  are  cut  by  the  conductor.  AVe  have, 
therefore,  the  all-important  law  that  an  electromotive  force  is 
generated  hy  a  conductor  cutting  across  the  lines  of  force  of  a 
magnetic  field,  and  that  this  electromotive  force  is  measured  hy 
the  rate  at  which  these  lines  of  force  are  cut  hy  the  conducfor. 
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Since  this  electromotive  force  does  not  depend  upon  the  differ- 
ence of  potential  already  existing,  or  upon  the  current  flowing 
in  the  conductor,  the  principle  is  one  of  universal  application, 
that  any  conductor  cutting  across  the  lines  of  force  of  any  mag- 
netic field  develops  an  electromotive  force  wiiliin  the  conductor, 
and  the  measure  of  this  electromotive  force  is  the  rate  at  ivhich 
these  lines  of  force  of  the  field  are  cut  hy  the  conductor.  Ac- 
cordingly, if  N  lines  of  force  are  cut  by  a  conductor  in  t  seconds, 
an  electromotive  force  e  is  generated,  where 

jsr 

e  :  — , 
t 

or 

.       z.   "^ 
e  =  K  — , 

t 

where  k  is  the  factor  of  proportionality. 

If  we  agree  that  e  shall  be  taken  as  unity  when  N  and  t  are 
each  equal  to  unity  then 


A;  =  l, 

and  the  equation  becomes 

e  -  — 
t  " 

The  fact,  howevei",  that  A'  is  equal  to  unity  in  this  expression 
limits  the  definition  of  the  unit  electromotive  force  to  the  con- 
ditions i)rcscribed  above.  Accordingly,  we  learn  that  the  unit 
electromoiivc  force  is  generated  u'hen  lines  of  force  arc  cut  hy  a 
conduclor  at  the  rate  of  1  line  per  second.  JMoreover,  since  t 
is  expressed  in  C.  G.  S.  units,  and  A"  is  measured  in  electromag- 
netic units,  c  is  thereby  determined  in  electromagnetic  units. 
The  unit  electromotive  force  defined  above,  is  therefore,  the  same 
electromagnetic  unit  of  electromotive  force  Avhich  has  beon  pre- 
viously defined  (p.  497)  in  terms  of  other  C.  G.  S.  units. 
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Iiiasmucli  as  an  electromotive  force  of  1  electromagnetic  unit  is 
thus  g'cnerated  by  cutting  lines  of  force  at  the  rate  of  1  line  per 
second,  it  follows  that  an  electromotive  force  of  1  volt,  or  10^ 
electromagnetic  units  will  he  generated  hy  a  conductor  wliicli  cuts 
lines  of  force  at  ilie  rate  of  10^  or  100,000,000  lines  per  second. 

If  the  two  ends  of  the  conductor  which  cuts  across  the  lines 
of  force  are  not  joined,  that  is,  if  the  conductor  forms  simply 
an  open  circuit,  the  electromotive  force  thus  generated  will  cause 
a  difference  of  potential  to  be  established  between  the  two  ends 
of  the  conductor.  If,  however,  these  ends  are  brought  together, 
thereby  forming  a  closed  circuit,  this  electromotive  force  will 
cause  a  current  to  iiow  through  the  circuit  so  formed.  Indeed, 
this  is  the  modern  method  by  which  an  electric  current  is  gen- 
erated. 

483.     A  Working  Hypothesis  of  Electromagnetic  Induction. 

From  the  preceding  paragraph,  it  is  evident  that  the  two  essen- 
tial conditions  for  the  production  of  a  current  by  this  means 
are,  first,  the  existence  of  a  magnetic  field  of  force,  and,  second, 
the  motion  of  a  conductor  forming  part  of  a  closed  circuit  across 
the  lines  of  force  of  this  field.  Moreover,  since  the  flow  of  cur- 
rent represents  a  certain  amount  of  energy  (p.  496),  it  is  also 
evident  that,  in  order  to  supply  this  energy,  work  must  be  done 
in  carrying  the  conductor  across  these  lines  of  force. 

The  current  which  is  hereby  generated  is  surrounded,  as  is 
every  other  current,  by  its  circular  magnetic  field;  and  as  this 
field  is  invarialjly  the  accompaniment  of  the  current,  Ave  accept 
witliout  further  question  the  fact  that  a  current  is  flowing,  when- 
ever this  field  is  produced  or  detected.  This  circular  field  is 
intimately  connected  with  the  lines  of  force  of  the  field  through 
which  the  conductor  is  moved,  and  its  direction  is  entirely  de- 
pendent upon  the  direction  of  these  lines  of  force,  as  well  as 
the  direction  of  the  motion  of  the  conductor. 

As  a  purely  working  hypothesis  of  the  production  of  this 
circular  field,  and  as  a  means  of  forming  a  picture  which  will 
ena])le  us  to  connect  the  direction  of  flow  of  the  current  with 
the  motion  of  the  conductor  and  with  the  lines  of  force  of  the 
field,  we  may  imagine  that  the  circular  field  ahout  tlie  current 
is  a  portion  of    the    original    magnetic    field    which    has  been 
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irrappcd  about  ihc  conductor,  as  the  latter  moved  through  this 
tiehl.  This  eonception  Avill  be  the  easier  to  form  from  the  fact 
that  the  lines  of  force  about  the  current  are  of  the  same  nature 
as  those  of  the  original  field,  and,  furthermore,  that  tlieir  direc- 
tion is  tlic  same  as  if  tlie  lines  of  force  of  the  fieU  Jiad  heen 
clastic  cords,  and  had  heen  wrapped  about  the  conductor  in  its 
motion  across  them.  In  a  similar  way,  by  analogy,  we  mav 
explain  the  energy  of  the  current  as  the  work  which  is  required 
to  distend  the  elastic,  rubber-like  lines  of  force  of  the  tield 
and  wi-ap  them  as  circular  lines  of  force  about  the  conductor. 

Since  the  flow  of  current  through  a  conductor  invariably  ac- 
companies the  circular  field  of  force  about  it,  and  since  this 
circular  field  is  produced  when  a  conductor  sweeps  across  the 
lines  of  force  of  a  magnetic  field,  we  may  imagine  that  the  cur- 
rent which  flows  is  a  direct  consequence  of  the  formation  about 
the  conductor  of  this  circular  field  of  force.  So  consistently 
does  the  hypothesis  herewith  presented  interpret  the  production 
of  this  field,  that  we  shall  use  it  henceforth  as  if  it  were  a 
demonstrated  fact,  claiming  for  it,  however,  nothing  more  than 
a  convenient  means  of  determining  in  advance  the  direction  of 
the  current  generated  whenever  a  conductor  is  carried  across 
the  lines  of  force  of  a  magnetic  field. 

494.  Currents  Produced  by  Induction.  Accordinglv,  in  the 
generation  of  a  current  by  this  method,'  we  must  keep  con- 
stantly before  us  the  fact  that  an  electric  current  in  a  con- 
ductor is  invariably  accompanied  by  a  field  of  force  around 
the  conductor,  and  that  the  presence  of  this  circular  field  of 
force  is  conclusive  evidence  that  a  current  of  electricity  is 
flowing.  It  will  also  be  necessary  continually  to  bear  in  mind 
the  properties  which  we  have  attributed  to  lines  of  force  (p. 
424).  namely,  they  are  always  closed  curves,  they  behave  like 
tightly  stretched  rubber  cords,  they  tend  always  to  contract, 
they  never  intersect,  they  repel  one  another  laterally. 

With  these  facts  before  us,  we  will  now  consider  the  effect 
produced  when  a  portion  of  a  closed  conductor,  in  Avhich  no 
current  is  flowing,  moves  across  the  lines  of  force  of  a  magnetic 
field.  Let  us  assume  that  we  are  dealing  with  the  earth's  uni- 
foi-m  field,  and  lliat  we  have  a  closed  coil  of  wire,  one  part  of 
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Fig 


jus.      Current  flowing  from  the  observer, 
induced  by  cutting  lines  of  force. 


which  we  can  carry  horizontally  across  these  lines  of  force.  Let 
the  black  dots,  Fig.  308,  represents  the  cross-section  of  the  con- 
ductor in  its  various  positions  as  it  is  carried  to  the  right  hori- 
zontally across  the  lines  of  force  of  the  field. 

When  the  conductor  approaches  a  line  of  force,  this  elastic 
line  is  not  cut  at  once,  but  bends,  so  that  a  slight  depression  is 
at  first  produced,  as  at  A.  As  the  motion  of  the  conductor  con- 
tinues, tliis  indentation  of  the  line  increases,  as  at  B,  and  the 

line    wraps   itself   partly 
A  B  C  D  around  the  conductor.    A 

further  motion  of  the 
conductor  in  the  same 
direction  distends  the 
line  of  force  to  a  still 
greater  extent,  as  at  C, 
and  a  circular  line  of 
force  about  the  conductor 
is  very  nearly  complete. 
When,  finally,  the  con- 
ductor has  been  carried 
entirely  across  this  line  of  force,  a  total  rupture  of  the  line  is  ef- 
fected, the  two  broken  ends  unite,  and  the  circle  of  the  line  of 
force  about  the  wire  is  now  complete,  as  at  D. 

Therefore,  by  the  mechanical  process  of  carrying  a  portion  of 
a  closed  conductor  across  the  lines  of  force  of  a  magnetic  field, 
an  electromotive  force  is  generated  within  the  conductor,  a 
circular  field  of  force  is  Avrapped  about  the  conductor,  and, 
accordingly,  a  current  of  electricity  is  developed  flowing  in  the 
conductor.  Moreover,  the  direction  in  which  this  current  flows 
bears  a  perfectly  definite  relation  to  the  direction  of  the  motion 
of  the  conductor  across  the  lines  of  force  of  the  field.  Inasmuch 
as  the  observer  sees  the  lines  of  force  in  the  figure  flowing  about 
the  wire  at  D  in  the  direction  in  Avliich  a  screw  would  be  turned 
(clockwise),  it  is  obvious  that  the  current  in  the  conductor  flows 
away  from  the  observer,  or  into  the  plane  of  the  paper. 

If  the  conductor  is  carried  to  the  left  across  the  same  field  of 
force,  Fig.  309,  the  lines  of  force  of  the  field  will  be  wrapped 
about  it  in  the  opposite  direction.  The  same  series  of  operations, 
therefore,  will  be  carried  out  in  the  reverse  order,  as  at  A',  B', 
C,  Z>',  until  finally  the  circular  line  of  foi-ce  about  the  wire  is 


A  CONDUCTOR  CUTTING  LINES  OF  FORCE. 


589 


complete,  as  at  D\  Here,  however,  the  lines  of  force  pass 
around  the  wire  counter-clockAvise,  hence  the  current  which  is 
developed  is  flowing  to- 
wards the  observer,  or  out 
from  the  plane  of  the 
paper.  Therefore,  an  elec- 
tric current  may  be  gen- 
erated in  a  closed  con- 
ductor simply  by  carrying 
a  part  of  the  conductor 
across  the  lines  of  force  of 
a  magnetic  field,  the  direc- 
tion of  the  current  thus 
developed  depending  upon  the  direction  of  the  motion  of  the 
conductor  with  respect  to  the  lines  of  force  of  the  field. 

While  the  above  analysis  refers  to  the  various  steps  in  the 
process  of  cutting  a  single  line  of  force,  Figs.  310  and  311  give 


c.    .■|u!).      ("iirreut    flowini, 
server,  iiuhued  bv  ciittim 


towards    the    ob- 
liues  of  foi-cc. 


Fi|;.   :',in.       Conductor    sweeping    to    the     Fir;     nil        Conductor    sweeniii"-    tn    tbo 
riSht  across  the  earth's  field  of  force.  left  "Voss  the  eaitl^s  Add  of  Fore^^ 

more  nearly  the  conditions  as  they  exist  when  a  conductor  is 
swept  across  the  lines  of  force  of  a  uniform  magnetic  field,  and 
show  very  clearly  the  characteristics  of  elasticity  and  fiexibility 
peculiar  to  magnetic  lines  of  force. 

In  this  connection  it  is  to  be  noticed  that,  if  a  part  of  a  con- 
ductor cuts  across  the  lines  of  force  of  the  field,  a  change  occurs 
in  ilic  total  number  of  lines  of  force  that  pass  tlirough  the  area 
encompassed  by  the  closed  circuit.  Accordingly,  the  above 
])henomena  may  be  expressed  by  saying  that  an  increase  in  the 
iiuiiil)er  of  lines  of  force  passing  through  a  c^-cuit  will  generate 
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a  current  in  the  conductor  flowing  in  one  direction,  and  a 
decrease  in  tlie  number  of  lines  of  force  passing  througli  the 
circuit  will  develop  a  current  flowing  in  the  opposite  direction. 
Therefore,  any  cliange  in  tlie  nnmher  of  lines  of  force  passing 
tlirougli  the  area  encompassed  hy  a  closed  circuit  will  generate 
a  current  flowing  tlirougli  the  conductor.  Since  the  current 
which  is  generated  in  a  closed  circuit  depends  upon  the  cliange 
of  the  number  of  lines  of  force  passing  through  the  circuit,  we 
see  that  a  closed  coil  of  wire,  moved  parallel  to  itself  in  a  uni- 
form magnetic  field, 
as  at  A,  B,  C,  Fig. 
ol2,  always  includes 
the  same  number  of 
lines  of  force,  and 
hence  no  current  is 
developed.  If,  how- 
ever, the  plane  of 
the  coil  changes  its 
inclination,  as,  for 
instance,  if  it  turns 
into  the  positions 
7),  E,  F,  the  num- 


FiG.  312.      Current  induced   by  increaning  or  decrea« 
ii.g-  tho  number 
i\  closed  circuit 


ii.g'  the  numlier  of  lines  of  force  passing  tlirough    '^Cl'  01  iineS  01  lOlCC 


passing  through  the 
circuit  is  changed,  an  electromotive  force  is  created,  and  a  cur- 
rent flows. 

In  all  instances  where  a  current  is  thus  developed  by  cutting 
lines  of  force  in  a  magnetic  field,  the  current  so  generated .  is 
called  an  induced  current,  and  the  process  of  producing  such 
a  current  is  known  as  induction.  It  is  by  induction  that  nearly 
all  the  currents  in  use  at  the  present  time  are  generated ;  and, 
indeed,  the  principle  of  the  dynamo  is  simply  that  of  a  con- 
ductor cutting  across  the  lines  of  force  of  a  magnetic  field,  or, 
rather,  that  of  a  closed  circuit  increasing  and  decreasing  the 
number  of  lines  of  force  which  pass  through  it.  In  this  connec- 
tion, one  very  important  fact  must  be  borne  in  mind,  namely, 
that  an  induced  current  floivs  only  wliile  tlie  lines  of  force  of 
the  field  are  being  cut,  and  therefore,  the  current  lasts  only  as 
long  as  the  motion  continues. 
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495.  Lenz's  Law.  An  examination  of  the  conditions  under 
Avhieh  an  induced  current  is  generated  reveals  the  fact  that  the 
meclianical  energy,  expended  in  carrying  a  conductor  across  the 
lines  of  force  of  the  field,  is  consumed  hi  overcoming  flic  mutual 
repulsion  between  these  lines  of  force  and  the  lines  of  force 
wrapped  about  the  conductor.  Thus,  for  instance,  at  D,  Fig. 
308,  the  conductor  has  been  carried  to  the  right  across  the  lines 
of  force  of  the  field,  and  the  current  generated  flows  away  from 
the  observer.  '  It  is  to  be  noted,  however,  that  on  the  side  of 
the  conductor  which  is  an  advance,  the  circular  lines  of  force, 
in  passing  around  the  conductor,  lie  in  the  same  direction  as 
the  lines  of  force  of  the  field  and  parallel  to  them.  Since  lines 
of  force  which  are  parallel  and  in  the  same  direction  repel  one 
another,  it  is  obvious  that,  on  the  side  of  the  conductor  towards 
which  the  motion  is  taking  place,  the  lines  of  force  of  the  field 
repel  those  due  to  the  current,  so  that  the  conductor  tends  to 
move  in  the  opposite  direction.  In  the  above  illustration,  we 
see  that,  while  the  current  is  produced  by  moving  the  con- 
ductor to  the  right,  the  reaction  betAveen  the  lines  of  force  of 
the  field  and  those  about  the  conductor  is  such  as  to  make  the 
conductor  tend  to  move  to  the  left.  It  follows,  therefore,  that 
the  conductor  in  which  the  current  is  induced  tends  to  move  in 
a  direction  opposite  to  the  motion  hy  which  the  current  is  gen- 
erated. 

This  is  but  an  illustration  of  a  law  which  has  the  widest  ap- 
plication in  the  production  of  induced  currents,  and  a  law  to 
Avhich  there  are  no  exceptions,  namely,  that  the  current  which 
is  produced  by  induction  always  flows  in  such  a  direction  as  to 
oppose  the  motion  tvhich  produces  it.  This  is  known  as  Lenz's 
law  and  is  of  the  most  frequent  use  in  determining  the  direction 
of  the  induced  current. 

496.  The  Pro<duction  of  Induced,  Currents.  Illustrations  of 
the  generation  of  induced  currents  abound  whenever  a  con- 
ductor and  lines  of  force  are  moved  with  reference  to  one  an- 
other. The  same  effect  will  be  produced  Avhether  the  conductor 
is  moved  across  the  lines  of  force  of  the  field,  or  the  lines  of  the 
field  are  carried  across  the  conductor.  In  either  case,  these  lines 
of  force  are  wrapped  around  the  conductor,  and  this  is  equiv- 
alent to  generating  a  current  in  the  conductor. 
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513. 


Faraday's   disc   dy- 
namo. 


One  of  the  earliest  devices  for  producing  a  continuous  current 
by  induction  is  Faraday's  disc  dynamo.  This  consists  of  a 
copper  disc,  Fig.  313,  rotating  between  the  poles  of  a  horse-shoe 
magnet,  thus  cutting  the  lines  of  force  of  the  magnet  as  they 
extend  from  the  north  pole  to  the  south  pole  through  the  copper. 
The  part  of  the  disc  directly  between  the  poles  of  the  magnet 
is  the  conductor,  and  this  is  carried  across  the  lines  of  force  of 

the  field.     A  current  is  thus  gener- 
ated in  the  copper  disc  flowing  from 
the    axis    to    the    circumference,    or 
from  the  circumference  to  the  axis, 
according  to   the   direction   of   rota- 
tion of  the  disc.     If,  therefore,  con- 
tact is  made  with  the   edge  of  the 
disc,  and  a   wire    connects    this  eon- 
tact  with  the  axis,  a  current  will  flow 
through  the    circuit   so    formed,  and 
will  continue  to  flow  as  long  as  the 
rotation  of  the  disc  is  maintained. 
Another  illustration  of  the  production  of  an  induced  current 
may  be  shown  when  a  conductor  is  suddenly  moved  towards  a 
magnet,  thus  cutting  the  lines  of  force  of  the  surrounding  mag- 
netic   field.     In    Fig.  314,  the 
black  dot  represents  the  cross- 
section  of   a  conductor  which 
is  being  carried    in  the  direc- 
tion of  the  arrow  towards  the 
magnet.     The   elastic   lines   of 
force  are  bent  around  the  con- 
ductor, as  the  latter  approach- 
es, until  finally  entire  circles  of 
these  lines    are    thus  wrapped 
about  it.       Under    the    condi- 
tions shown  in  the  figure,  it  is 
evident  that  the  current  gen- 
erated in  the    conductor   flows 
towards  the  observer.     Attention  is  called  to  the  fact  that  on  the 
side  towards  the  magnet  the  lines  of  force  around  the  conductor 
are  in  the  same  direction  as  the  lines  of  force  of  the  field,  and 


Fig. 


314.     Current  induced  by  movin 
conductor  towards  a  magnet. 
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.".1.").  Current  in  the  opposite  direc- 
tion induced  by  carrying  a  current 
away  from  a  magnet. 


hence  these  two  tend  to  repel.  But  the  current  is  generated  in 
the  conductor  onhj  hij  -'bringing  the  two  together.  Hence,  we 
have  another  illustration  of  the  law  that  the  current  developed 
hy  induction  flows  in  such  a  direction  as  to  oppose  the  motion 
ivhich  produces  if. 

If  a  conductor  is  now  moved 
to  the  right,  that  is,  away  from 
the  magnet  with  its  accom- 
panying field,  Fig.  315,  the 
lines  of  force  are  wrapped  in 
the  opposite  direction  about  it, 
and  a  current  is  generated 
flowing  in  the  opposite  direc- 
tion, in  this  case  away  from 
the  observer.  Here  also,  by 
the  repulsion  of  the  lines  of 
force  on  the  side  of  the  con- 
ductor which  is  in  advance,  it 
is  evident  that  the  current 
generated  flows  in  such  a  direction  as  to  oppose  the  motion. 

An  extension  of  this  same  reasoning  shows  that  if  the  pole  of 
a  magnet  is  thrust  into  a  solenoid  in  which  no  current  is  flow- 
ing, the  lines  of  force  of  the  magnet  will  wrap  themselves  about 
the  conductors,  thus  generating  a  current  in  the  solenoid. 
Moreover,  in  order  that  work  may  be  done,  the  induced  current 
thus  generated  will  flow  in  such  a  direction  that  the  pole  of  the 
solenoid  into  ivhicJi  the  magnet  is  carried  will  he  of  the  same 
nature  as  the  pole  of  the  magnet  itself,  so  that  these  two  would 
repel  each  other,  and  thus  tend  to  oppose  the  motion  M-hereby 
the  current  is  generated. 

Thus,  if  the  north  pole  of  the  magnet  is  thrust  into  tlie  solen- 
oid, the  elastic,  rubl^er-like  lines  of  force  are  caught  and  re- 
tarded by  the  conductors  of  the  solenoid,  Fig.  316,  so  that 
they  are  bent  back  upon  themselves,  and  therefore  emerge  fi'om 
the  end  of  the  solenoid  into  which  the  magnet  is  carried.  These 
lines  of  force  which  are  thus  wrapped  about  the  conductors  and 
which  emerge  from  the  pole  of  the  solenoid,  are  the  lines  of  force 
of  the  current  whicli  is   therehij   gcncrafrd.     But   the  pole  of  a 
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Fig.  316.  Tlie  north  pole 
of  a  magnet  thrust  into 
a   solenoid. 


solenoid  from  which  lines  of  force  emerge 
is  a  north  pole ;  and  hence  the  current 
generated  flows  in  such  a  direction  as  to 
develop  a  north  pole  at  the  end  of  the 
solenoid  into  ivhich  the  north  pole  of 
the  magnet  is  carried.  Since  these  two 
north  poles  repel  each  other,  and  since 
the  current  is  generated  only  by  bring- 
ing the  two  together,  w^e  see  that  the 
cii-rrent  fiows  in  such  a  direction  as  to 
oppose  the  motion  ivhich  produces  it,  in 
accordance  wdth  Lenz's  law. 

Inasmuch  as  the  induced  current 
flows  only  as  long  as  the  motion  con- 
tinues, the  flow  soon  ceases,  and  the 
field  of  force  about  the  magnet  assumes 
its  normal  condition,  the  lines  of 
force  then  passing  between  the  conductors  of  the  solenoid  and 
even  through  them.  Accordingly,  when  the  magnet  is  with- 
drawn from  the  solenoid,  the  lines  of  force  are  again  wrapped 
about  the  conductors,  this  time,  however,  in  the  opposite  direc- 
tion, so  that  a  current  is  generated  in  the 
opposite  direction,  and  a  pole  of  the  sole- 
noid is  created  of  a  nature  opposite  to 
that  of  tlie  magnet  which  is  being  with- 
drawn. In  this  case,  the  lines  of  force, 
which  are  caught  and  therefore  retarded 
by  the  conductors,  Fig.  817,  are  enor- 
mously stretched  as  the  magnet  is  carried 
away,  and  for  a  short  time  still  enter  the 
end  of  the  solenoid  from  which  the  mag- 
net is  being  removed.  But  the  pole  of  a 
solenoid  which  lines  of  force  enter  is  a 
south  pole,  so  that  a  south  pole  is  de- 
veloped at  the  end  of  a  solenoid  from 
ivhich  the  north  pole  of  a  magnet  is  be- 
ing withdrawn.  Since  these  opposite 
poles  attract  each  other,  thereby  tending 
to  prevent  their  separation,   and  since 
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the  cnrreiit  in  this  direotion  is  generated  only  by  this  separa- 
tion, we  see  again  that  tlie  induced  current  flows  in  a  direction 
such  as  to  oppose  the  motion  ivhich  produces  it,  and  Lenz's  law 
is  obeyed. 

The  magnetic  flekl  of  force  about  a  conductor  carrying  a 
current  is  likewise  able  to  induce  a  current  in  a  neighboring 
parallel  conductor  when  the  two  are  moved  with  respect  to  each 
other.  Let  us  suppose  that  the  wire  P,  in  which  the  current  is 
flowing  away  from  the  obsei-ver,  Fig.  318,  is  suddenly  brought 
up  to  the  parallel  conductor  S  which  does  not  contain  a  current. 
As  the  field  of  force  of  P  approaches  the  conductor  S,  the  lines 
of  force  of  the  field  of  P  wrap  themselves  in  such  a  way  about 
.S  that  a  curent  is  induced  in  8  flowing  towards  the  observer. 
Thus,  as  the  two  are 
brought  together,  the  in- 
duced current  flows  in  a 
direction  opposite  to  the 
inducing  current,  and  this 
would  tend  to  make  the 
two  conductors  repel  each 
other  (p.  553)  and  move 
apart.  But  as  the  induced 
current  is  generated  in 
this  direction  only  by 
bringing  the  two  together. 
Ave  see  that  the  induced 
current  flows  in  such  a  di- 
rection as  to  oppose  the  '"k;.  ^iis.^ 
motion  which  produces  it. 

The  induced  current,  however,  last  only  as  long  as  the  mo- 
tion continues,  so  that  when  this  ceases,  the  lines  of  force  of 
P  pass  completely  around  8,  as  if  the  latter  were  not  present. 
Therefore,  when  P  is  suddenly  removed  from  S-,  that  is,  carried 
to  the  left.  Fig.  319,  the  lines  of  force,  which  are  due  to  P,  and 
which  also  pass  around  S,  are  distended,  and  wrap  themselves 
about  S  m  the  same  direction  as  those  about  P.  This  induces 
a  current  in  .s'  flowing  in  the  same  direction  as  that  in  P,  or 
away  from  the  observer. 


\u  inverse  current  is  induced  ia 
by    the   approach   of   v. 
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Fig.    319. 


A    direct    current    is    induced    in    S 
by   the   removal  of   p. 


In  practice,  the  conductor  P  in  which  the  current  is  flowing 
is  called  the  primary  circuit,  and  the  conductor  S  in  which  the 
current  is  generated  by  induction  is  called  the  secondary  cir- 
cuit. We  see,  then,  in 
general,  that  the  ap- 
proach of  the  primary 
circuit  generates  a  cur- 
rent in  the  secondary 
flowing  in  a  direction 
opposite  to  that  in  the 
primary,  or  an  inverse 
current,  while  the  re- 
moval of  the  primary 
.circuit  generates  a  cur- 
rent in  the  secondary 
flowing  in  the  same  direction  as  that  in  the  primary,  or  a  direct 
current. 

An  examination  of  the  last  two  figures  will  enable  us  to  de- 
duce another  fact  regarding  induction.  Let  us  assume  that  the  ' 
primary  and  the  secondary  conductors  are  lying  parallel  to 
each  other,  but  with  no  current  in  either.  If,  now,  a  current  is 
sent  through  the  primary,  the  circles  of  the  lines  of  force  sud- 
denly sweep  out  from  this  conductor,  thus  forming  the  field  of 
force  about  that  conductor.  As  they  suddenly  grow  out  from 
this  conductor  as  a  center,  they  encounter  the  secondary  con- 
ductor, about  which  they  wrap  themselves  as  they  do  when  the 
primary  is  brought  towards  the  secondary.  Therefore  closing 
the  circuit  through  the  prvnwry  develops  a  current  flowing  in 
the  opposite  direction  in  fJie  scco-ndary.  Let  us  now  imagine 
the  current  to  have  become  steady  in  the  primary,  and  the  field 
of  force  of  the  primary  to  pass  around  the  secondary,  the 
temporary  induced  current  in  the  latter  having  ceased.  If  the 
current  in  the  primary  is  then  hrolccn,  the  circular  lines  of  force 
sweep  in  toward  this  conductor,  tending  to  contract  about  it  as 
a  center.  As  they  meet  the  secondary,  they  are  distended  in 
their  attempt  to  cut  across  this  conductor,  and  so  wrap  them- 
selves about  the  latter  in  the  same  direction  as  the  lines  of  force 
about  the  primary.  Accordingly,  hreaHng  the  current  in  the 
primary  produces  tlte  same  effect  as  separating  the  two  circuits, 
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that  is,  it  induces  a  current  in  the  secondary  flowing  in  the  same 
direction  as  the  current  in  the  primary. 

The  pheuomena  Avhich  are  here  described  are  also  produced 
when  the  primary  and  secondary  conductors  are  wound  into 
solenoids.  If  a  current  is  flowing  in  the  primary  solenoid,  and 
if  this  is  approached  to  the  secondary.  Fig.  32Q,  a  current  is 
developed  in  the  latter  in  the  opposite  direction  to  that  in  the 
primary.  In  other  words,  a  current  is  developed  in  the  sec- 
ondary in  such  a  way  that  the  two  solenoids  have  like  poles 
towards  each  other,  and  then,  by  their  mutual  action  they  repel 
each  other.    If  now,  the  primary  is  removed  from  the  secondary, 
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Fig.  .^20.     The  approach  of  /'  in- 
duces an  inverse  current   in   .S. 


'!(;    "I'l.     '1  lie   lemovnl   of    P  in- 
due es    a   direct   currer:t   in    8. 


Fig.  321,  a  current  is  induced  in  tlie  latter  flowing  in  the  same 
direction  as  that  in  the  primar3^  That  is,  the  current  in  the 
secondary  flows  in  such  a  way  that  this  solenoid  develojDs  a  pole 
of  a  nature  opposite  to  that  of  the  primary,  and  these,  by  their 
mutual  attraction  tend  to  prevent  the  separation. 

Here  also,  as  before,  currents  may  be  induced  in  the  secondary 
simply  by  making  and  breaking  the  circuit  in  the  primary.  If 
the  two  solenoids  are  placed  together,  and  if  the  current  is 
made  in  the  primary,  the  field  of  force  which  emanates  from 
this  solenoid  sweeps  out  over  the  conductors  of  the  secondary, 
producing  a  current  in  the  latter  in  a  direction  •opposite  to  that 
in  the  primary.    "When  the  circuit  in  the  primary  is  hroJxCn,  the 
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lines  of  force,  in  contracting  toward  this  circuit,  move  across 
the  conductors  of  the  secondary  precisely  they  would  if  the 
primary  were  removed.  Therefore,  hriugiuff  the  primary  to- 
wards the  secondary,  or  making  the  circuit  in  the  primary, 
induces  a  current  in  the  secondary  in  the  direction  opposite  to 
that  in  the  primary,  or  an  inverse  current.  In  this  case  the 
two  currents  flowing  in  opposite  directions  repel  each  other 
that  is,  the  current  developed  in  the  secondary  flows  in  such  a 
direction  as  to  oppose  the  approach  of  the  two  coils,  to  which 
its  existence  is  due.  Removing  the  primary  from  the  secondary, 
or  breaking  the  circuit  in  the  primary,  produces  a  current  in 
the  same  direction  as  that  in  the  primary,  or  a  direct  current. 
He.re  the  two  currents,  being  in  the  same  direction,  attract 
each  other  and  thus  tend  to  prevent  the  separation  which  gives 
rise  to  ^the  induced  current.  Thus,  in  every  instance  of  the 
production  of  an  induced  current,  Lenz's  law  applies. 

It  is  to  be  observed  in  this  connection  that,  as  the  primary 
coil  is  approached  to  the  secondary,  the  number  of  lines  of  force 
passing  through  the  secondary  is  increased,  and  the  nearer  to- 
gether the  two  are  brought  the  greater  is  the  number  of  lines 
of  force  which  pass  through  the  secondary.  ^Moreover,  as  the 
primary  is  ivithdrawn  from  the  secondary,  the  number  of  lines 
of  force  passing  through  the  latter  is  decreased.  This  serves 
to  illustrate  a  law  which  is  of  general  application,  and  which 
can  often  be  employed  w^here  a  direct  cutting  of  the  lines  of 
force  is  not  obvious,  namely,  an  increase  in  the  number  of  lines 
of  force  passing  through  a  circuit  produces  an  inverse  current, 
while  a  decrease  in  the  number  of  lines  of  force  passing  through 
a  circuit  produces  a  direct  current.  The  induced  current, 
therefore  ahmys  floivs  in  such  a  direction  as  to  maintain  un- 
changed the  number  of  lines  of  force  passing  through  the  area 
enclosed  by  its  circuit. 

497.  The  Transformer.  The  principles  which  have  here  been 
discussed  are  those  which  are  at  the  basis  of  the  action  of  all 
induction  coils,  or  transformers.  If  a  bar  of  soft  iron,  or  better, 
a  bundle  of  soft  iron  wires  is  placed  in  the  primary  solenoid, 
the  effect  upon  the  secondary  will  be  greatly  increased,  due  to 
the  fact  that  the  lines  of  force  of  the  iron  core,  which  has  now 
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Fig.  322. 


Primary  and  secondary  wound 
upon  an  iron  bar. 


become  magnetic,  are  added 
to  the  lines  of  force  of  the 
primary  solenoid.  Indeed,  if 
this  iron  core  is  extended, 
Fig.  322,  and  the  secondary 
wound  upon  the  remote  end, 
making  and  breaking  the  cir- 
cuit in  the  primary  produces  inverse  and  direct  currents  in 
the  secondary  of  nearly  the  same  strength  as  those  in  the  primary, 
provided  the  coils  are  similar  in  every  way.  If  the  two  ends 
of  this  iron  are  now  brought  together  so  as  to  form  a  ring,  upon 
Avhieh  the  primary  and  sec- 
ondary coils  are  wound  en- 
tirely separated  from  each 
other,  Fig.  323,  we  have  the 
essentials  of  the  transformer, 
which  is  so  generally  used 
for  electric  lighting  at  the 
present  time.  "When  the  cir- 
cuit is  closed  in  the  primary, 
an  inverse  current  is  at  once 
developed  in  the  secondary,  and  when  the  current  in  the  pri- 
mary is  broken,  a  direct  current  is  generated  in  the  secondary. 
If,  therefore,  as  is  the  case  in  practice,  the  primary  is  supplied 
with  an  alternating  current,  that  is,  one  which  reverses  its 
direction  a  great  many  times  a  second,  a  current  is  developed 
in  the  secondary  which  changes  its  direction  as  often  as  does 
that  of  the  primary. 

If  the  transformer  is  reversed  and  a  current  is  sent  through 
the  secondary,  a  current  will  then  l)e  induced  in  the  primary, 
so  that  either  coil  may  be  used  as  the  primary,  inasmuch  as  the 
induction  is  mutual.  ^Moreover,  if  the  iron  ring  is  made  of 
soft  iron,  the  difference  of  potential  developed  at  the  two  ends 
of  the  secondary  bears  the  same  relation  to  the  difference  of 
potential  used  on  the  primaiy  as  the  number  of  turns  of  wire 
on  the  secondary  solenoid  bears  to  the  number  of  turns  on  the 
primary.  Therefore,  if  the  coils  are  wound  with  different  num- 
bers of  turns  of  wires,  the  difference  of  i^otential  developed  at 
the  ends  of  the  secondarv  will  bo  greater  or  less  than  that  used 
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Fig.    324.     The    induction    coil. 


on  the  primary  according  as  the  secondary  has  a  larger  or  a 
smaller  number  of  turns.  In  this  way  we  can  have  a  "step 
np"  transformer  if  the  secondary  has  a  greater  number  of  turns 
than  the  primary,  or  a  "step  down"  transformer  if  the  second- 
ary has  a  smaller  number  of  turns  than  the  primary. 

In  the  induction  coil,  Fig. 
324,  the  primary  circuit  con- 
sists of  a  comparatively  few 
turns  of  hea-vy  wire  wound 
upon  a  core  composed  of  a 
bundle  of  soft  iron  wires, 
Avhile  the  secondary  consists" 
of  many  thousand  turns  of 
very  fine  wire  wound  wholly 
separated  and  perfectly  insu- 
lated from  the  primary.  Since  the  number  of  turns  in  the  sec- 
ondary is  perhaps  many  thousand  times  as  great  as  the  number 
of  turns  on  the  primary,  the  difference  of  potential  generated 
by  a  large  coil  is  enormous,  and  rivals  that  developed  by  static 
means. 

However  great  may  be  the  ratio  of  transformation,  the  energy 
of  the  current  remains  constant  throughout,  except  for  certain 
losses,  such  as  hysteresis  etc.  Thus,  if  the  current  and  the 
electromotive  force  of  the  primary  are  represented  by  I  and  E, 
while  the  current  and  the  electromotive  force  of  the  secondary 
are  represented  by  /'and  E',  it  follows  at  once  from  the  prin- 
ciple  of  the  conservation   of  energy,  that 

IE  =  PE' 


Since  E'  is  many  thousand  times  greater  than  E  in  the  ordinary 
induction  coil,  it  follows  that  the  current  which  flows  in  the 
secondary  of  such  a  coil  is  very  small  indeed,  although  the 
potential  which  is  produced  by  this  means  is  exceedingly  high. 

498.  Foucault  Currents.  We  have  seen  that  Avhenever  a 
conductor  and  a  field  of  force  are  moved  with  reference  to  each 
other,  a  current  is  developed  in  the  conductor,  and  this,  by  its 
reaction  upon  the  field  of  force,  flows  in  such  a  direction  as  to 
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oppose  the  motion  wliieli  produces  it.  Tliis  is  equally  time  when 
large  metallic  masses  are  moved  in  a  magnetic  field,  or  when  the 
intensity  of  a  field  of  force  is  made  to  vary  in  the  neighborhood 
of  large  masses  of  metals.  In  both  of  these  cases  currents  are 
generated  in  the  metallic  masses,  and  these  currents  flow  in 
closed  circuits  through  the  metal,  forming  little  eddy  currents 
within  the  mass  of  the  metal  itself. 

The  generation  of  these  eddy  currents  may  be  beautifully 
illustrated  by  swinging  a  plate  of  copper  between  the  poles  of 
a  powerful  electromagnet.  In  Fig.  325,  if  we  imagine  the  north 
pcle  of  the  magnet  to  be  on  the  side  of  the  copper  towards  us, 
and  the  south  pole  to  be  on  the 
farther  side,  we  shall  be  looking  in 
the  direction  of  the  lines  of  force  of 
the  magnet  as  they  stream  through 
the  copper  plate  from  the  north  pole 
to  the  south.  If  the  copper  plate 
is  now  allowed  to  swing  to  the  right 
and  left  across  these  lines  of  force, 
currents  will  be  generated  which 
will  flow  in  little  eddies,  or  whirls, 
forming  closed  circuits  wdthin  the 
mass  of  the  copper.  Since  these 
currents  by  Lenz  's  law,  flow  in  such 
a  direction  as  to  oppose  the  motion 
which  produces  them,  the  plate  will  quickly  be  brought  to  rest. 

Eddy  currents  which  are  thus  gerierated  in  a  mass  of  metal 
Avhen  this  is  moved  in  a  magnetic  field  are  known  as  Foucault 
currents.  Energy  is  wasted  if  these  currents  are  allowed  to 
form,  since  they  cannot  in  any  way  be  utilized,  and,  indeed, 
they  tend  only  to  impede  the  motion  of  the  metal  in  which  they 
are  generated.  The  best  way  of  avoiding  their  formation  is  to 
use  thin  i^lates  of  metal  instead  of  heavy  masses,  and  to  separate 
these  plates  from  one  another  by  paper,  wliich  prevents  these 
Foucault  currents  from  flowing.  In  the  above  illustration,  if 
the  copper  plate  is  sawed  into  strips,  Fig.  326,  these  eddy  cur- 
rents cannot  flow,  and  the  plate,  which  before  was  immediately 
arrested,  now  continues  to  move  almost  as  freely  as  if  it  were 
not  swinging  in  a  magnetic  field. 


Fig.  325.  Generation  of  Fou- 
cault currents  iu  a  swinging 
copper  plate. 
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Fig.  320.  Foucault  currents  pre- 
vented from  flowing  by  sawing 
the   copper   plate   into   strips. 


In  the  construction 'of  the  armature  of  the  modern  dynamo, 
the  conductors  are  wound  upon  a  heavy  iron  core.     Inasmuch 

as  the  current  in  these  conductors 
continually  varies  in  intensity  and 
even  changes  in  direction,  the  field 
of  force  due  to  these  conductors  is 
a  continually  varying  one.  This 
constantly  varying  field  of  force, 
occurring  in  the  immediate  neigh- 
borhood of  the  iron  core,  would 
cause  eddy  currents  to  be  formed 
if  this  were  a  solid  mass  of  iron. 
To  obviate  this  difficulty,  the  iron 
core  is  built  up  of  thin  plates,  or 
laminae,  separated  from  one  an- 
other by  paper,  so  that  the  Fou- 
cault currents,  which  would  eddy  through  the  iron  parallel  to 
the  conductors,  are  prevented  from  forming. 

499.  The  Principle  of  the  Dynamo.  The  modern  dynamo  is 
a  device  for  producing  an  intense  magnetic  field  of  force,  and 
for  carrying  a  series  of  conductors  across  the  lines  of  force  of 
this  field,  thereby  generating  a  current  in  these  conductors.  In 
the  early  machines  the  magnetic  field  Avas  produced  by  large 

permanent  magnets,  but 
these  are  now  replaced  by 
the  much  more  powerful 
electromagnets. 

To  understand  the  action 
of  one  form  of  dynamo 
noAV  in  common  use,  let  N 
and  S,  Fig.  327,  represent 
the  north  and  south  poles 
respectively  of  the  electro- 
magnet, hollowed  out  some- 
what to  receive  the  rotat- 
ing portion,  which  is  called 
the  armature.  The  two 
arms    of    this    electromag- 
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net,  to  Avhieh  tlie  intense  magnetic  field  is  due,  are  called  the  field 
magnets.  The  armature  is  made  in  many  forms,  and  of  these  per- 
haps the  simplest  consists  of  a  ring  made  of  laminated  iron, 
around  which  is  wound  a  coil  of  copper  wire.  This  wire  is  wound 
on  the  ring  in  one  continuous  coil,  being  carried  over 
the  outside  and  through  the  center,  and  so  on  clear  around  the 
ring,  until  finally  the  two  ends  are  brought  together  and 
soldered.  This  is  the  conductor  which  is  to  be  used  for  cutting 
across  the  lines  of  force  of  the  magnetic  field,  and  in  this  the 
cun-ent  is  to  be  generated  by  induction.  To  this  end,  the  iron 
ring,  with  the  endless  conductor  wrapped  around  it,  is  placed 
in  the  space  left  for  this  purpose  between  the  north  and  the 
south  poles  of  the  field  magnets,  and  there  it  is  made  to  rotate 
upon  its  axis,  being  driven  by  a  steam  engine  or  other  source 
of  power. 

Since  the  soft  iro2i  of  which  the  ring  is  made  has  a  very  high 
permeability,  the  lines  of  force  of  the  field  stream  from  the 
north  pole  of  the  magnet  across  the  small  air  gap  into  the  iron 
ring,  thence  through  the  iron  to  the  opposite  side  of  the  ring, 
then  again  across  the  small  air  gap  into  the  south  pole  of  the 
magnet.     The  circuit  of  the  lines    of    force    is   then  completed 
through  the  arms  of  the  electromagnet  back  again  to  the  north 
pole.     It  is  to  be  observed  that  this  entire  circuit  of  the  lines. of 
force  is  wholly  in  iron  except  the  small  air  spaces  whieli  are  nec- 
essarily left  between  the  north  pole  of  the  magnet  and  the  iron 
core  of  the  armature  on  the  one   side,  and  between  the  iron 
core  of  the  armature  and  the  south  pole  of  the  magnet  on  the 
other  side.     Although  these  ''air  gaps"  are  made  very  small, 
it  is  here  that  the  endless  conductor  which  is  wound  upon  the 
armature  cuts  across  the  lines  of  force  of  the  field,  tlius  gen- 
erating the  current.     It  is,  moreover,  to  be  borne  in  mind  that 
it  is  only  the  turns  of  Avire  which  lie  on  the  outside  of  the  ring 
that  are  effective  in  cutting  the  lines  of  force,  inasmuch  as  it 
is  only  wires  on  the  outside  of  the  ring  that  encounter  the  lines 
of  force  of  the  field  as  they  flow  from  the  north  pole  into  the 
]-ing,  and  from  the  ring  across  the  air  gap  into  the  south  pole 
of  the  magnet.     The  wire,  therefore,  that  is  wound  upon  the 
inside  of  the  ring  is  quite  useless  so  far  as  assisting   in  the 
generation  of  a  current,  and,  indeed,  it  is  Avorse  tlian  useless, 
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inasmuch  as  the  current  which  is  generated  must  flow  through 
it,  thereby  introducing  resistance. 

As  the  armature  now  turns,  the  conductors  upon  its  exterior 
cut  across  the  lines  of  force  in  one  direction  when  near  the  north 
pole,  and  in  the  opposite  direction  when  near  the  south  pole. 
This  will  therefore  develoj^  currents  flowing  in  one  direction 
in  one  half  of  the  armature  and  in  the  opposite  direction  in  the 
other  half.  Assuming  that  the  armature  turns  in  the  direction 
of  the  arrow,  a  given  conductor  on  the  outside  of  the  ring  cuts 
lines  of  force  continuously  in  one  direction  during  the  half 
revolution  from  A  to  B,  and  in  the  opposite  direction  during  the 
half  revolution  from  B  to  A.  Currents  are  thus  generated 
flowing  in  opposite  directions  in  the  two  halves  of  the  ring  at  the 
same  time.  That  is,  if  the  current  flows  toward  the  point  A 
on  the  side  of  the  armature  near  the  north  pole,  it  will  also 
flow  toward  the  point  A  on  the  side  of  the  ring  near  the  south 
pole.  Accordingly,  from  the  point  B  the  current  flows  through 
both  halves  of  the  armature  toward  the  point  A,_  thus  making 
A  a  point  of  high  potential,  and  leaving  B  a  point  of  low  po- 
tential. If  a  spring  or  metallic  brush  is  made  continuously  to 
touch  the  point  A,  this  brush  will  be  maintained  at  high  po- 
tential, and  in  the  same  Avay  a  brush  touching  the  point  B  wall 
always  be  at  low  potential.  If,  therefore,  the  points  A  and  B 
are  connected  b}--  a  wire  through  any  circuit,  a  current  will  flow' 
through  this  circuit,  and  will  be  maintained  as  long  as  the 
process  of  turning  the  armature  is  continued. 

In  practice  it  is  not  usual 
to  have  the  springs  or  brushes 
touch  the  outside  of  the  arm- 
ature, as  here  represented, 
but  it  is  customary  to  make 
use  of  a  commutator,  Fig. 
328,  which  enables  contact 
nevertheless  to  be  established 
with  the  conductors  of  the 
armature.  This  commutator 
consists  of  a  series  of  copper 
bars,  insulated  from  one  an- 
Fi.;.   328.    The  commutator,  showing      other    and    Collected    in    the 

its  connection  with  the  armature. 
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foim  of  a  cylinder,  each  bar  being  connected  by  a  wire  with 
one  of  the  turns  of  wire  on  the  armature.  These  copper  bars, 
therefore,  are  at  the  same  potential  as  the  coils  of  the  armature 
with  which  they  connect,  and  it  is  upon  these  that  the  brushes 
press  and  thus  form  contact  with  the  wires. 

The  current  which  tlows  from  the  armature,  or  at  least  a 
portion  of  it,  is  now  carried  through  a  conductor  Avound  around 
the  arms  of  the  field  magnets,  thereby  using  the  very  current 
which  the  machine  generates  for  the  purpose  of  magnetizing, 
or  exciting,  the  fields.  According  to  the  particular  method  in 
which  this  current  is  carried  around  the  field  magnets,  the  dyna- 
mo is  either  a  series,  a  shunt,  or  a  compound  machine. 

500.  The  Series  Dynamo.  In  the  series  machine,  the  entire 
current  which  the  armature  generates  is  carried  around  the 
arms  of  the  electromagnet,  as  at  C  and  D,  Fig,  327,  After 
passing  from  A  around  the  field  magnets,  the  current  then  flows 
out  through  the  external  circuit,  as  at  E,  where  it  is  used  for 
lighting  lamps,  driving  motors,  etc.  It  then  flows  back  to  the 
low  potential  brush  at  B,  thus  completing  the  circuit,  having 
traversed  the  field  magnets  and  the  external  resistance  in  series. 
When  the  series  dynamo  is  started,  the  conductors  upon  the 
outside  of  the  armature  cut  across  a  very  weak  field  of  force, 
inasmuch  as  the  only  magnetism  now  existing  is  the  small 
amount  of  residual  magnetism  remaining  in  the  poles  of  the  mag- 
nets. This  generates  a  feeble  current  which  flows  around  the  field 
magnets,  thus  making  them  more  strongly  magnetic,  and  there- 
fore increasing  the  strength  of  the  field.  The  f-tionier  field 
enables  a  stronger  current  now  to  be  generated,  and  the  in- 
creased current  makes  the  field  magnets  stronger  and  the  mag- 
netic field  still  more  intense. 

This  action  between  the  field  strength  and  the  current,  there- 
fore, is  a  reciprocal  one,  the  increase  in  the  current  bringing 
about  a  stronger  magnetic  field,  and  the  more  intense  magnetic 
field,  in  turn,  serving  to  increase  the  strength  of  the  current. 
This  cumulative  process,  however,  cannot  continue  indefinitel}', 
inasmuch  as  the  field  magnets  become  saturated  (p.  577),  and 
this  state  of  the  iron  places  a  limit  to  the  strength  of  the  mag- 
netic field  that  may  be  obtained.     The  field  magnets,  therefore, 
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are  wound  with  such  a  iniinher  of  turns  of  wire  that  a  current 
of  a  certain  strength  will  produce  saturation,  and  this  current 
is  the  normal  current  which  the  machine  is  designed  to  generate. 
A  series  dynamo,  therefore,  is  a  constant  current  machine. 

501.  The  Shunt  Dynamo.  In  the  shunt  dynamo,  Fig  328^, 
the  current  from  the  armature  divides  into  two  parts,  one  por- 
tion passing  through  many  turns  of  fine  wire  around  the  field 
magnets,  while  the  remainder  is  used  for  the  external  circuit. 
Since  the  resistance  of  the  circuit  around  the  field  magnets  is 
constant,   a   nearly  constant  current  flows  through  this  shunt 

circuit,  so  that  the  strength 
of  the  magnetic  field  of 
the  machine  remairs  prac- 
tically always  the  same. 
Accordingly,  if  the  arma- 
ture rotates  with  uniform 
speed,  the  rate  at  which 
lines  of  force  are  cut  is 
nearly  constant,  and  the 
electromotive  force  of  this 
machine  is  therefore  also 
nearly  constant.  "While  a 
series  dynamo  is  service- 
able for  running  arc 
lamps,  where  a  constant 
current  and  a  high  electro- 
motive force  are  necessary,  a  shunt  machine  is  used  for  incan- 
descent lighting,  vvdiere  a  constant  difference  of  potential  must 
be  maintained. 

The  electromotive  force  of  the  shunt  dynamo,  while  nearly 
constant  under  ordinary  conditions,  is  not  rigidly  so,  and  may, 
indeed,  at  times  fluctuate  between  wide  limits.  The  difference 
of  potential  produced  by  this  machine  is  highest  when  the  ex- 
ternal circuit  is  open,  and  when  the  full  electromotive  force 
of  the  machine  sends  the  current  through  the  field  magnets. 
When  the  external  circuit  is  closed,  the  flow  of  current  through 
this  circuit  lessens  the  difference  of  potential  between  the 
brushes,  and,  accordingly,  not  so  much  current  flows  through. 
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the  shunt  circuit,  so  that  the  electromotive  force  of  the  machine 
falls.  Indeed,  if  this  dynamo  is  short-circuited,  that  is,  if  the 
brushes  are  connected  by  a  short  piece  of  heavy  copper  wire  as 
the  external  circuit,  the  difference  of  potential  between  the 
brushes  falls  almost  to  nothing.  This  decreases  the  difference 
of  potential  between  the  two  ends  of  the  field  circuit  to  an 
equally  small  amount,  so  that  practically  no  current  then  flows 
around  the  field  magnets,  and  the  excitation  of  the  machine  is 
■destroyed.  A  shunt  dynamo,  therefore,  will  "run  down"  if 
short-circuited,  so  that  a  machine  of  this  type  can  never  be  in- 
jured by  drawing  too  large  a  current.  In  order  to  maintain  a 
constant  difference  of  potential  with  a  shunt  machine,  a  resist- 
ance is  placed  in  the  field  circuit,  and  this  resistance  may  be 
decreased  by  hand  as  the  electromotive  force  of  the  machine 
begins  to  fall,  thereby  sending  a  stronger  current  around  the 
fields  and  thus  keeping  up  the  required  constant  electromotive 
force. 

502.  The  Compound  Dynamo.  In  the  compound  dynamo. 
Fig.  330,  the  principles  of  the  series  and  the  shunt  machines 
are  combined,  so  that  the  regulation  for  constant  electromotive 
force  may  take  the  place  automatically.  In  the  series  machine, 
the  magnetic  field  increases  as  the  current  increases,  while  in 
the  shunt  machine  the  excitation  decreases  as  the  current  in 
the  external  circuit  be- 
comes greater.  To  maintain 
a  constant  electromotive 
force,  therefore,  a  few 
turns  of  the  wire  forming 
the  external  circuit  are 
wound  as  series  coils 
around  the  field  magnets 
of  what  would  otherwise 
be  a  shunt  machine.  ]More- 
over,  the  turns  of  this 
series  circuit  are  so  ad- 
.justed  in  number  that  the 
increase  in  the  electromo- 
tive force  which  thev  pro-  ,-,.  -^nn     t<,  ,  , 
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duee  as  the  current  increases  just  compensates  for  the  decrease  in 
the  electromotive  force  which  occurs  in  the  shunt  machine,  sa 
that  for  whatever  current  the  machine  produces,  the  electro- 
motive force  remains  constant.  In  the  modern  compound  ma- 
chine, this  end  is  very  nearly  completely  attained. 

503.  The  Alternating  Current  Dynamo.  From  a  study  of 
the  armature  of  the  dynamo,  we  have  seen  that  the  current  at 
any  instant  flows  through  opposite  halves  of  the  armature  in 
opposite  directions;  that  is,  the  current  in  any  particular  coil 
flows  one'  way  for  half  a  revolution,  and  in  the  opposite  direc- 
tion for  the  other  half  revolution.  Accordingly,  if  the  armature 
consists  of  a  single  coil  of  wire,  Fig.  331,  and  if  the  two  ends 

of  this  coil  are  connected  to  rings 
concentric  with  the  axis  upon 
which  the  armature  turns,  perma- 
nent connection  may  be  made  with 
the  ends  of  this  coil  by  allowing 
brushes  to  press  upon  these  "col- 
lector rings."  A  current  flowing 
first  in  one  direction  and  then  in 
the  other  — that  is,  an  alternating 
current — will  be  generated  in  this 
coil  of  wire,  and  an  alternating  cur- 
rent will  flow  through  the  external  circuit  which  connects  the 
brushes. 

In  practice,  however,  it  is  usual  to  design  the  alternating 
current  dynamo  something  in  the  following  way:  The  field 
magnets  consist  of  a  number  of  pairs  of  north  poles  and  south 
poles  mounted  upon  the  inside  of  a  large  iron  ring  and  point- 
ing towards  the  center.  Fig.  332.  These  are  magnetized 
by  winding  wire  in  opposite  directions  around  these  poles  and 
sending  a  direct  current  from  an  outside  source  through  this 
wire.  The  armature  consists  of  as  many  coils  of  wire  as  there 
are  magnetic  poles  in  the  field,  all  mounted  upon  the  circum- 
ference of  a  rotating  drum  so  as  to  pass  very  near  the  pole 
pieces.  Adjacent  coils  in  this  armature  are  wound  in  opposite 
direction  so  that  the  current  generated  in  one  coil,  as  it  passes 
before   a  north  pole,  flows  in  the  same  direction  as  that  in-^ 


Fig. 
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dueed  in  the  next  coil  as  it  pa.sses  before  a  south  pok^.  The 
current  thus  generated  in  the  armature  changes  direction,  of 
course,  when  the  drum  turns  so  that  the  coils  which  were  op- 
posite one  set  of  poles  now  pass  before  those  adjacent,  which 
are  of  opposite  nature.  As  the  drum  turns  farther,  the  current 
generated  in  these  coils  again  reverses  in  direction,  and  this 
reversal  in  direction  takes  place  as  often  as  each  coil  leaves  one 
magnetic  pole,  and  approaches  another  of  opposite  polarity. 

It  is  thus  seen  that  there  are  as  many  reversals  of  the  cur- 
rent during  one  revolution  of  the  armature  as  there  are  mag- 
netic poles  in  the  field.  A  pair  of  reversals,  that  is,  one  com- 
plete reversal  each  way,  is  known  as  a  cycle,  from  which  it 
follows  that  there  are 
as  many  cycles  dur- 
ing one  revolution  as 
there  are  pairs  of 
poles  constituting  the 
field  magnets.  The 
time  occupied  for 
completing  one  cycle 
is  known  as  the  pe- 
riocl,  and  the  number 
of  cycles  per  second 
is  called  tlie  fre- 
qucncy.  The  two  ends 
of  the  armature  wire 
are  connected  to  col- 
lector rings,  and  these 
are  always  in  contact 
with  the  metallic 
brushes  which  press  upon  them.  Connection  may  be  made  with 
these  metallic  brushes,  so  that  the  alternating  current  generated 
in  the  armature  may  flow  away  to  the  external  circuit. 

504.  Economy  of  Transmission  of  Alternating  Currents. 
The  general  use  o:^  the  electric  light  througout  the  civilized 
parts  of  the  world  renders  it  necessary  often  to  carry  currents 
long  distances  from  the  central  station  where  it  is  generated. 
When  this  is  attempted  with  a  direct   current,   it  is  found  that 
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the  unavoidable  resistance  of  the  conducting  wire  wastes  so  much 
of  the  energy  of  the  current  as  heat,  that  it  is  impossible  to 
carry  the  current  to  any  great  distance  without  employing 
enormous  conductors  in  order  to  decrease  the  resistance.  In- 
asmuch as  the  power  of  the  current  is  the  product  of  the  cur- 
rent and  the  electromotive  force  (p.  519),  it  is  evident  that  if 
the  electromotive  force  were  made  very  great,  the  strength  of 
the  current  could  be  made  correspondingly  small,  and  the 
amount  of  energy  wasted  as  heat  could  thus  be  diminished. 
Since  it  is  unsafe  to  bring  a  current  of  extremely  high  voltage 
into  dwelling  houses,  a  limit  for  the  electromotive  force  of  such 
a  circuit  is  set  at  about  110  volts. 

With  an  alternating  current,  however,  it  is  possible  to  use  a 
''step  up"  transformer  at  the  station,  and  thus  send  a  large 
amount  of  electrical  energy  over  long  distances  as  a  small  num- 
ber of  amperes,  but  at  extremely  high  voltage,  and  then  to  em- 
ploy a  ' '  step  down ' '  transformer  at  the  house  where  the  current 
is  to  be  used,  and  thus  obtain  again  a  large  current  at  a  com- 
paratively low  electromotive  force.  During  the  transmission 
between  the  station  and  the  house,  therefore,  the  number  of 
amperes  of  current  is  so  small  that  the  amount  of  energy  which 
is  wasted  as  heat  does  not  offer  a  serious  difficult}',  even  when 
a  relatively  small  wire  is  used  as  the  conductor.  Accordingly, 
the  alternating  current  is  emplo.yed  almost  universally  for  elec- 
tric lighting,  and  is  now  being  used  also  for  the  transmission  of 
power  over  long  distances. 

^y  505.  The  Electric  Motor.  "Whenever  an  electric  current 
'^  from  an  outside  source  is  sent  through  a  conductor  in  a  mag- 
netic field,  a  mutual  reaction  takes  place  between  the  lines  of 
force  due  to  the  current  and  those  due  to  the  field.  From  the 
fact  that  the  lines  of  force  of  the  field  are  in  general  straight, 
while  those  due  to  the  current  are  circular,  the  lines  of  force 
of  the  field  will  be  in  the  same  direction  as  the  lines  of  force 
due  to  the  current  on  one  side  of  the  conductor,  and  in  a  direc- 
tion opposite  to  that  of  the  lines  of  force  due  to  the  current  on 
the  other  side  of  the  conductor.  On  the  side,  therefore,  where 
the  lines  of  force  of  the  field  are  in  the  same  direction  as  those 
due  to  the  current,  repulsion  between  these  two  takes  place, 
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while  on  the  other  side,  where  the  lines  of  force  from  these  two 
sources  are  in  opposite  directions,  the  circular  lines  of  force  due 
to  the  current  tend  to  open  out  and  join  with  those  of  the  field, 
and  attraction  occurs.  If  the  conductor,  therefore,  is  free,  it 
will  sweep  across  the  lines  of  force  of  the  field,  ahvays  moving 
away  from  the  side  mi  xvliich  the  lines  of  force  of  the  field  are 
in  the  same  direction  as  those  about  the  current. 

Thus,  Fig.  333',  let  the  black  dots  represent  the  cross-section 
of  a  conductor  through  which  a  current  from  an  outside  source 
is  flowing  away  from  the  observer  in  the  earth's  uniform  field. 
On  the  right  hand  side  of  the  conductor,  the  lines  of  force  due 
to  the  current  are  in  the  same  direction  as  those  of  the  field, 
hence  on  this  side  repul- 
sion between  these  two 
takes  place.  On  the  left 
hand  side  of  the  conductor, 
the  lines  of  force  of  the 
field  and  those  due  to  the 
current  are  in  opposite 
directions,  hence  these  tend 
to  attract  each  other.  The 
lines  of  force  due  to  the 
current,  therefore,  are  re- 
pelled   on    the    right    side 

and  attracted  on  the  left  hence  the  conductor  in  this  case  moves 
to  the  left. 

The  generation  of  a  current  by  cutting  across  the  lines  of  force 
of  a  magnetic  field  is  the  principle  of  the  dynamo.  The  pro- 
duction of  motion  by  sending  a  current  through  a  conductor 
in  a  magnetic  field,  thereby  effecting  a  reaction  between  the  lines 
of  force  of  the  field  and  those  of  the  current,  is  the  principle 
of  the  electric  motor.  Any  device,  therefore  which  can  be  used 
as  a  dynamo  for  generating  an  electric  current  may  also  be  used 
as  a  motor  by  sending  current  into  it  from  an  outside  source. 
Accordingly,  an  electric  motor  is  identical  in  form  and  con- 
struction with  a  dynamo,  and  may  in  every  instance  be  used  as 
a  dynamo. 

It  is  carefully  to  be  observed,  however,  that^  if  a  current  is 
generated  in  the  moving  conductor  bj-  carrying  it  in  a  certain 


Fig.     333.     The    principle    of    tlie    electric 
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direction,  the  conductor  ivUl  move,  in  the  opposite  direction 
ivlien  a  current  is  sent  into  it  froyii  an  outside  source,  the  direc- 
tion of  the  cnrrent  in  the  conductor  remaining  the  same  in  both 
instances.  Thus,  we  have  seen.  Fig.  308,  that  a  current  is  gen- 
erated tiowing  aAvay  from  the  observer  by  carrying  the-  con- 
ductor to  the  riglit  across  the  earth's  field,  while  here  we  see 
that  if  we  send  a  current  through  the  conductor  flowing  away 
from  the  observer,  the  conductor  will  move  to  the  left.  So  also, 
in  the  series  dynamo,  (p.  604),  we  saw  that  by  turning  the 
armature  clockwise  a  current  is  generated  flowing  through  both 
halves  of  the  armature  in  multiple  from  B  to  ^1.  If  the  dynamo 
is  now  stopped  and  a  current  from  an  outside  source  is  sent 
through  the  same  circuit  floM'ing  from  B  to  A,  the  armature  Avill 
turn  counter-clockwise.  The  armature  of  the  machine  wdien 
used  as  a  motor,  therefore,  will  turn  in  the  opposite  direction 
from  that  in  which  it  is  turned  when  used  as  a  dynamo,  the 
direction  of  the  current  through  the  machine  being  the  same  in 
both  cases. 

In  a  shunt  machine,  the  direction  of  rotation  as  a  motor  is  the 
same  as  its  direction  of  rotation  as  a  dynamo,  since,  when  it  is 
used  as  a  motor,  tlie  field  is  reversed.  This  reversal  of  the  field, 
together  with  its  reversed  direction  of  motion  as  a  motor,  causes 
the  direction  of  rotation  of  the  shunt  motor  to  be  the  same  as 
that  of  the  shunt  dynamo,  the  current  through  the  armature 
being  the  same  in  each  case. 

506.  Reaction  Between  an  Electric  Current  and  a  Mag- 
netic Field.  A  most  convenient  and  instructive  device  for 
studying  the  mutual  action  between  a  moval)le  current  and  a 
magnetic  field  may  be  obtained  by  suspending  a  rectangular 
frame  carrj'ing  a  current  so  that  it  will  swing  freely  before  a 
magnet  which  may  be  brought  in  various  positions  near  it, 
Fig.  334.  In  each  case  the  conductor,  if  free,  will  move  across 
the  lines  of  force  of  the  magnetic  field,  and  always  away  from 
that  side  where  the  lines  of  force  due  to  the  current  are  in  the 
same  direction  as  the  lines  of  force  of  the  field.  It  will  then  be 
found  that  the  direction  in  which  the  current  moves  as  a  motor, 
that  is,  the  direction  in  which  a  current  always  tends  to  move 
when  placed  in  a  magnetic  field,  may  be  determined  by  the  fol- 


DIRECTION  OF  MOTION. 


613 


lowing  modification  of  Ampere 's 
rule:  Swim  in  the  current  and 
with  the  current,  facing  in  the 
diriction  of  the  lines  of  force  of 
the  field,  then  the  current  tends 
to  more  to  the  left  anel  the  lines 
of  force  to  the  right. 

This  rule  applies  to  all  cases 
in  whieli  the  motion  of  a  con- 
ductor is  effected  by  causing  a 
current  to  flow  through  that 
conductor  in  a  magnetic  field. 
If  we  refer  to  Fig.  313,  illus- 
trating Faraday's  disc  dynamo, 
we  see  that  by  turning  the  disc 
in  the  direction  of  the  arrow,  a 
current  is  generated  flowing 
from  the  axis  to  the  circumfer- 


Fiu. 


io5.     -V     conductor     iiKjviiiL 
earth's    magnetic    field. 


in     the 


Fig.    oo4.     The   ii.uvenieiit   of   a    con- 
ductor  in    a    magnetic   field. 


enee  of  the  disc.  If  now, 
from  an  outside  source,  a 
current  is  sent  through  this 
disc  flowing  from  the  axis 
to  the  circumference,  the 
disc  will  turn  in  the  oppo- 
site direction.  Possibly 
the  simplest  illustration,  of 
the  action  of  the  electric 
motor  is  obtained  by  the 
experiment  where  two  cop- 
per tanks  containing  an 
electrolyte    are    each    pro- 


vided with  a  little  copper  boat.  Fig.  335,  these  two  copper  boats 
being  connected  by  a  stout  copper  wire.  The  wire  uniting  the 
boats  forms  a  movable  conductor  in  the  earth's  magnetic  field, 
and  hence  this  conductor  moves  across  the  lines  of  force  of  the 
earth's  field  whenever  a  current  is  sent  througli  it.  ^Foreover, 
the  direction  of  motion  is  always  away  from  that  side  of  the 
conductor  Avhere  the  lines  of  force  due  to  the  current  are  in  the 
same  direction  as  the  lines  of  force  of  the  field. 


614  ELECTROMAGNETIC   INDUCTION. 

507.  The  Counter  Electromotive  Force  Generated  by  an 
Electric  Motor,  Whenever  the  conductors  of  an  electric  motor 
move  in  a  magnetic  field,  even  though  they  move  because  of  the 
reaction  between  the  lines  of  force  due  to  the  current  and  those 
of  the  field,  these  conductors  cut  across  the  lines  of  force  of  the 
field.  Moreover,  they  move  in  such  a  way  as  to  tend  to  develop 
a  current  flowing  in  a  direction  opposite  to  that  of  the  current 
already  flowing.  Thus,  in  Fig.  308  we  have  seen  that  a  current 
flowing  away  from  the  observer  is  developed  by  carrying  the 
conductor  to  the  right.  By  the  principle  of  the  motor,  however, 
we  see  that  if  we  send  through  this  conductor  a  current  from 
an  outside  source  flowing  away  from  the  observer,  the  conductor 
will  move  to  the  left.  But  from  Fig.  309  we  have  seen  that  if 
the  conductor  moves  to  the  left  across  the  same  field  of  force, 
a  current  will  be  generated  flowing  towards  the  observer.  There- 
fore, if  the  conductor  carries  a  current  from  an  outside  source 
flowing  away  from  the  observer,  and  this  conductor  moves  to 
the  left,  a  counter  current  will  be  generated,  due  to  this  motion, 
tending  to  flow  toward  the  observer.  That  is,  the  counter  cur- 
rent which  is  thus  generated  will  flow  in  a  direction  opposite  to 
that  of  the  current  which  is  already  flowing.  If,  therefore,  this 
conductor  is  regarded  as  one  of  the  wires  of  an  electric  motor 
and  carries  a  current  flowing  away  from  the  observer,  the  con- 
ductor, in  moving  to  the  left,  will  generate  a  counter  current, 
due  to  its  motion,  tending  to  flow  towards  the  observer.  Accord- 
ingly, whenever  a  motor  runs,  a  counter  current  is  developed 
poiving  opposite  to  the  current  ivhich  is  sent  into  the  motor  from 
the  outside  source.  This  is  usually  expressed  by  saying  that 
the  motor  develops  a  counter  electromotive  force,  acting  in  a 
direction  opposite  to  that  of  the  electromotive  force  of  the  cur- 
rent which  drives  the  motor. 

Indeed,  this  principle  of  the  generation  of  a  counter  electro- 
motive force  has  already  been  set  forth  (p.  584),  where  the 
rotation  of  a  semicircular  current  about  a  unit  magnetic  pole 
was  discussed.  It  was  there  shown  that  if  E  is  the  difference  of 
potential  between  the  points  A  aiul  B  when  the  conductor  is 
at  rest,  the  resultant  electromotive  force  lietween  the  same  points 
is  only  E — c  when  the  conductor  is  in  motion.  Here  e  is  the 
electromotive  force  generated  bv  the  movement  of  the  conductor 
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across  the  lines  of  force  of  the  magnetic  field,  and  represents 
the  rate  of  cutting  these  lines  of  force.  Fnrthermore,  it  is  seen 
that  this  electromotive  force  wliich  is  thus  generated  acts  in  a 
direction  opposite  to  that  of  the  electromotive  force  already  ex- 
isting^ and  therefore  is  a  counter  electromotive  force. 

Accordingly,  if  E  denotes  the  electromotive  force  of  the  out- 
side source  Avhieh  sends  current  into  a  motor,  and  R  denotes  the 
resistance  of  the  motor,  then  the  current  C  wliich  flows  through 
the  motor  when  the  armature  is  prevented  from  turning  is 

C=—    . 
H 

If.  however,  the  armature  of  the  motor  is  allowed  to  turn,  this, 
as  Me  have  seen,  develops  a  counter  electromotive  force  equal 
to  c  and  acting  in  a  direction  opposite  to  E.  Therefore,  the  re- 
sultant electromotive  force  which  is  effective  in  sending  current 
through  the  machine  when  the  motor  is  running  is  only 

E-e, 

and  consequently  the  current  which  flows  through  the  motor 
when  the  latter  is  running  is 


C-.  ^'- 


11 


e  depends,  however,  upon  the  rate  of  cutting  the  lines  of  force 
(p.  584),  and  therefore  upon  the  speed  of  the  motor.  That  is, 
the  faster  the  motor  turns,  the  greater  becomes  e,  and  therefore 
the  smaller  becomes  C.  The  faster  the  motor  runs,  therefore, 
the  less  is  the  amount  of  the  current  which  is  required  to  run  it. 
]\Ioreover  since  the  counter  electromotive  force  c  is  developed 
by  doing  work  outside  of  the  electric  circuit,  or  external  work, 
it  follows  that  the  larger  e  becomes,  the  larger,  also,  becomes 
the  portion  of  the  energy  of  the  current  which  is  converted  into 
useful  external  work.  It  is  on  this  account  tliat  it  is  more  effi- 
cient to  run  all  electric  motors  at  a  very  high  speed. 
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508.  Illustration  of  the  Counter  Electromotive  Force.  The 
generation  of  a  connter  electromotive  force  when  the  motor  runs 
may  be  nicely  illustrated  by  placing  a  little  incandescent  lamp 
in  series  with  a  motor,  so  that  the  current  which  flows  through 
the  motor  flows  also  through  the  lamp.  AVhen  the  current  from 
the  outside  source  is  sent  through  the  motor  as  this  is  standing 
still,  the  lamp  lights  up  brightly,  showing  that  a  large  current 
is  flowing.  As  soon,  however,  as  the  armature  begins  to  turn, 
the  lamp  becomes  dim,  showing  that  not  so  much  current  is 
flowing,  and  therefore  that  the  counter  electromotive  force  is 
opposing  the  direct  electromotive  force.  Finally,  when  the  arm- 
ature of  the  motor  has  attained  a  high  speed  of  rotation,  the 
lamp  does  not  light  up  at  all,  showing  that  the  current  passing 
through  the  motor,  and  therefore  through  the  lamp,  is  not  enough 
even  to  heat  the  lamp  red  hot.  This  illustrates  liow^  enormously 
the  current  through  the  motor  decreases  as  the  speed  of  the 
armature  increases. 

As  a  matter  of  fact,  this  experiment  could  not  be  performed 
as  here  described,  since  the  little  incandescent  lamp  coidd  not 
carry  sufficient  current  to  run  the  motor.  A  resistance,  there- 
fore, is  put  in  series  with  the  motor,  Fig.  336,  and  the  little 
lamp  is  put  in  multiple  with  this  resistance.  The  little  lamp  and 
the  resistance  together  carry  the  current  which  passes  through 
the  motor,  and  of  this  total  amount  of  current  the  resistance 

carries  about  9/10  and  the 
lamp     1/10.       The     amount 
through  the  lamp,  therefore, 
is    always    proportional    to 
the  total  amount  of  current 
flowing  through  the  motor, 
so  that  when  the  lamp  lights 
up  we  know^  that  a  large  cur- 
rent is  flowing  through  the 
motor,  and  Avhen  the  little 
lamp  falls  in  brightness  or 
fails  to  light  up  altogether,  as  it  does  when  the  armature  attains 
a  high  speed,  we  know  that  the  current  through  the  motor  is 
greatly  diminished. 


Fig.  336.  Experiment  showing  the  counter 
electromotive  force  of  an  electric 
motor. 
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509.     Counter     Electromotive     Force     of     Self-induction. 

Whenever  a  eiu'rent  is  sent  through  a  solenoid  .consisting  of 
many  turns  of  wire,  lines  of  force  are  suddenly  introduced  into 
the  core  of  the  solenoid,  precisely  as  if  a  magnet  had  been  thrust 
into  the  opening  at  the  center.  But  this,  we  know  (p.  594), 
develops  a  current  floAving  in  such  a  direction  as  to  oppose  the 
introduction  of  the  magnet.  Accordingly,  wlien  a  current  is 
started  in  a  solenoid,  an  electromotive  force  is  developed  acting 
in  a  direction  opposite  to  that  which  causes  the  current  to  flow. 
"When  the  curent  in  the  solenoid  is  interrupted,  the  lines  of  force 
disappear  from  the  center,  just  as  if  a  magnet  had  been  with- 
drawn from  the  solenoid.  But  this,  as  we  have  learned,  develops 
a  current  in  the  solenoid  tending  to  prevent  the  removal  of  the 
magnet.  It  folloAvs,  therefore,  that  when  a  current  in  a  solen- 
oid is  broken  an  electromotive  force  is  thereby  developed  act- 
ing in  the  same  direction  as  that  which  already  exists.  Accord- 
ingly, when  a  current  is  closed  in  a  solenoid,  an  inverse  elec- 
tromotive force  is  thereby  generated,  and  when  a  current  is 
broken  in  a  solenoid,  a  (lireci  electromotive  force  is  created. 

From  this  it  may  be  seen  that  each  turn  of  wire  in  a  solenoid 
m  which  a  current  is  increasing  or  decreasing  acts  as  a  primary 
coil  with  respect  to  every  other  turn  which  acts  as  a  secondary. 
There  is  thus  produced  the  phenomenon  of  self-induction,  where- 
by a  current  which  is  increasing  or  decreasing  in  a  solenoid  arts 
inductively  upon  the  very  circuit  in  which  it  itself  is  trowing. 
Moreover,  it  will  be  noticed  that  the  direction  of  the  electromo- 
tive force  produced  by  self-induction  is  always  such  as  to  oppose 
the  current  if  this  is  increasing,  and  to  assist  the  current  if  this 
IS  decreasing.     In  other  words,  the  self-induction  acts  in  sucli 
a  way  as  to  resist  any  change  in  the  current  which  flows  through 
the  solenoid,  and  therefore  to  oppose  any  change  in  the  number 
of  lines  of  force   ivhicli  pass   through   the  circuit.     That  is,  if 
no  current  is  flowing  in  a  solenoid,  the  self-induction  of  this 
coil  will  be  in  such  a  direction  as  to  oppose  the  current  when  one 
IS  formed,  and  if  a  steady  current  is  flowing  in  a  solenoid,  the 
self-induction  will  tend  to  maintain  this  current  unchanged  as 
soon  as  it  is  broken.    The  effects  of  self-induction,  therefore,  are 
alivays  in  such  a  direction  as  to  prevent  any  chamge  in  the  in- 
tensity  of  the  current  flowing.     In  this  respect  the  phenomena 
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of  self-induction,  which  tends  to  maintain  the  existing  condition 
as  regards  current,  are  analogous  to  those  of  inertia^  which 
tends  to  maintain  unchanged  the  existing  condition  of  matter 
as  regards  motion.  Self-induction,  therefore,  presents  phen- 
omena analogous  to  an  electromagnetic  inertia. 

Owing  to  the  fact  that  self-induction  always  opposes  any 
change  in  the  strength  of  the  current,  a  current  which  is  sent 
into  an  inductive  circuit  rises  to  the  maximum  value  only  slowly 
and  after  the  lapse  of  an  appreciable  time,  and  in  the  same 
way  a  current  that  is  decreasing  in  such  a  circuit  is  delayed  in 
this  change  also  through  an  appreciable  time.  Accordingly,  if 
an  alternating  current  is  sent  through  a  solenoid,  particularly 
if  the  latter  contains  an  iron  core,  the  alternations  of  the  current 
take  place  in  far  shorter  time  than  is  required  for  the  current 
to  attain  its  full  value  in  the  solenoid,  and  therefore  the  current 
which  actually  flows  is  but  a  small  part  of  what  would  flow 
through  a  resistance  equal  to  that  of  the  solenoid  if  the  current 
were  direct  and  steady.  A  solenoid  containing  iron  is  there- 
fore known  as  a  "choking  coil,"  because  it  thus  reduces  the 
amount  of  current  which  would  flow  through  a  non-inductive 
resistance  equal  to  that  which  the  coil  contains. 

Accordingly,  the  action  of  self-induction  for  an  alternating 
current  is  analogous  to  that  of  resistance  for  a  direct  current, 
in  that  both  tend  to  reduce  the  strength  of  the  current  which 
flows.  One  important  distinction  between  the  two,  however, 
must  constantly  be  borne  in  mind.  When  resistance  is  intro- 
duced to  diminish  the  intensity  of  a  direct  current,  the  energy 
represented  by  the  current  flowing  through  this  resistance  is 
wasted  as  regards  useful  work,  and  appears  only  as  heat.  But 
wh^n  the  self-induction  of  a  choking  coil  is  used  to  cut  down  an 
alternating  current,  no  energy  is  lost,  since  the  excessive  cur- 
rent simply  does  not  flow,  inasmuch  as  this  is  prevented  from 
flowing  by  the  self-induction  of  the  coil. 

A  most  instructive  illustration  of  the  effect  of  self-induction 
in  a  circuit  which  contains  iron  may  be  obtained  by  connecting 
an  incandescent  lamp  in  parallel  with  a  large  electromagnet, 
Fig.  337.  The  incandescent^  lamp  is  almost  completely  non- 
inductive,  while  the  electromagnet  has  a  large  amount  of  self- 
induction,  or  a  large  inductance,  as  it  is  more  commonly  called. 
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Fig 


If  this  magnet  is  connected  with  a  direct  current  circuit,  and 
if  the  circuit  contains  a  key,  so  that  the  current  may  be  closed 
and  opened,  the  effect  of  self-induction  in  the  magnet  becomes 
at  once  evident  in  the  lamp.  "When  the  circuit  is  closed,  the 
great  inductance  prevents  the  current  in  the  magnet  from  rising 
at  once  to  its  maximum  amovmt.  iMore  current,  therefore,  is 
forced  through  the  lamp,  so  that 
for  an  instant,  that  is,  for  the  time 
during  which  the  current  is  rising 
to  its  maximum  value  in  the  mag- 
net/ the  lamp  lights  up  brightly. 
As  soon  as  the  current  in  the  mag- 
net becomes  steady,  the  counter 
electromotive  force  due  to  self-in- 
duction disappears,  and  the  lamp 
falls  in  brilliancy  and  may  even  be 
extinguished  altogether.  When  the 
current  through  this  circuit  is 
broken,  the  lamp  again  flashes  up 
brightly,  due  to  the  enormous  elec- 
tromotive force  of  self-induction 
which  now  is  added  to  the  electromotive  force  of  the  circuit. 

The  lighting  up  of  the  lamp  in  the  first  instance  is  indicative 
of  the  fact  that  work  is  being  done  in  magnetizing  the  iron,  that 
is,  in  setting  up  the  strain  in  the  ether  all  about  the  magnet, 
and  therefore  in  producing  a  magnetic  field.  When  the  lamp 
lights  up  the  second  time,  the  energy  which  is  stored  up  in  the 
magnetic  field,  or,  in  other  words,  the  energy  represented  by 
the  strained  condition  of  the  ether  wdiich  constitutes  the  mag- 
netic field,  is  transformed  into  the  energy  manifested  by  the 
light  and  heat  of  the  lamp.  It  is  thus  seen  that  energy  is  re- 
quired to  produce  a  magnetic  field,  and  that  a  magnetic  field 
itself  represents  a  store  of  potential  energy. 

Since  all  the  lines  of  force  passing  through  a  long  solenoid 
are  cut  by  each  turn  of  the  solenoid,  the  total  cutting  of  lines 
of  force  is  the  product  of  .¥^  the  entire  number  of  lines  of  force, 
and  n,  the  number  of  turns  upon  the  solenoid.  N,  however,  de- 
])onds  upon  the  strength  of  the  current.  Accordingly,  the  in- 
duetancc,  L,  of  a  circnit  w  defined  ets  the  total  cutting  of  lines 
of  force  when  1  absolute  unit  current  is  started  or  is  stopped  in 


The  coiiutei-  eU'ctromo- 
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tlie  circuit.  From  this  it  follows  that  the  inductance  depends 
upon  the  sliape  and  configuration  of  the  solenoid,  very  largely 
upon  tlie  presence  of  masses  of  iron  enclosed  by  the  circuit,  upon 
tlie  number  of  turns  of  wire,  and  upon  tlie  situation  of  tJiese  turns 
relative  to  one  another,  thereby  determining  whether  all  the  con- 
ductors or  only  a  portion  of  them  are  cut  by  all  the  lines  of  force. 
The  working  unit  of  induction  is  the  henry,  which  represents 
the  self-induction  of  a  circuit  so  constituted  that  a  total  cutting 
of  10^  or  100,000,000'  lines  of  force  is  ett'ected  when  1  ampere 
is  started  or  is  stopped.  Since  the  electromotive  force  e  of 
self-induction  is  the  rate  at  which  lines  of  force  are  cut, 

"      t 

where  t  is  the  inimber  of  seconds  required  for  tlie  current  to 
rise  to  its  maximum  upon  closing  the  circuit,  or  to  fall  from  its 
maximum  to  zero  upon  opening  the  circuit.  Accordingly,  if  a 
current  of  1  ampere  is  broken  in  a  circuit  which  contains  an  in- 
ductance of  1  lienry,  and  if  the  duration  of  this  cessation  of 
the  current  is  1  second,  100,000,000  lines  of  force  will  then  bo 
cut,  and  an  electromotive  force  of  self-induction  equal  to  1  volt 
will  be  produced. 


CHAPTER  XLIII. 

THE  TELEGRAPH  AND  THE  TELEPHONE. 

510.  The  Electromagnetic  Telegraph.  The  electromagnetic 
telegraph  is  a  device  for  transmitting  intelligible  signals  by 
means  of  making  and  breaking  the  circuit  of  an  electromagnet. 
The  Morse  instrument  consists  of  a  bar  of  soft  iron  A,  Fig.  338, 
bent  into  a  U-shaped  form,  and  around  this  a  current  of  electri- 
city may  be  passed,  thus  making  the  soft  iron  an  electromagnet. 
As  soon  as  this  becomes  magnetic,  it  attracts  a  bar  of  soft  iron 
B,  called  the  armature,  placed  immediately  above  it,  so  that  this 
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Fig.    33S.     Diagram    of    Morse's    recording    telegrapli. 


is  draAvn  down  towards  the  poles  of  the  electromagnet.  The 
armature  is  pivoted  at  C,  and  held  in  position  just  aliove  the 
poles  of  the  magnet  by  the  small  coiled  spring  B.  Accordingly, 
when  the  current 
through  the  coils  of 
the  electromagnet  is 
broken  so  that  this 
is  no  longer  mag- 
netic, the  spring  B 
pulls  the  armature 
back  again  into  po- 
sition. The  move- 
ment of  the  arma- 
ture downward  co- 
incides, therefore, 
with  the  closing  of 
the   circuit  through 

the  electromagnet,  and  its  movement  upward  takes  place  as  soon 
as  this  current  is  broken. 

It  remains  further  to  devise  some  means  of  permanently  re- 
cording this  movement.  This  is  effected  by  extending  the  arm- 
ature by  means  of  an  arm  E,  terminating  in  a  pencil  point  at  F. 
Since  the  armature  is  pivoted  at  C,  the  arm  E  and  the  point  F 
are  thrown  upward  whenever  the  armature  is  drawn  down  by 
the  attraction  of  the  electromagnet,  and  for  the  same  reason  these 
move  down  whenever  the  electromagnet  ceases  to  attract  the 
armature  and  the  spring  D  pulls  the  latter  back  into  position. 
A  cylinder  carrying  a  long  strip  of  paper  is  now  turned  uni- 
formly by  clock  work  very  near  the  point  F,  so  that  a  mark  is 
made  upon  this  moving  paper  whenever  the  point  F  is  thrown 
upward,  that  is,  whenever  the  circuit  is  closed  tlirough  the  elec- 
tromagnet. Moreover,  the  length  of  this  mark  thus  recorded 
upon  the  paper  is  exactly  proportional  to  the  length  of  time 
during  which  the  current  flows,  since  the  point  F  is  lowered 
from  the  paper  as  soon  as  the  armature  moves  upward,  that  is 
as  soon  as  the  current  ceases  to  flow  in  the  electromagnet. 

Accordingly,  wdien  an  operator  at  the  distant  station  closes  the 
circuit  at  K  by  pressing  with  his  finger  upon  a  little  lever, 
called  the  key,  the  current  from  the  battery  II  flows  through  this 
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key,  around  the  coils  of  the  electromagnet,  making  this  mag- 
netic. Instantly  the  armature  is  drawn  down,  the  point  F  is 
thrown  up  against  the  moving  paper,  and  a  mark  is  recorder!. 
The  removal  of  the  operator's  finger  from  the  key  at  K  enables 
the  coiled  spring  at  G  to  pull  the  little  lever  upward,  thus  break- 
ing the  circuit  and  causing  the  point  F  to  move  away  from  con- 
tact with  the  paper.  Therefore,  the  length  of  the  mark  thus  re- 
corded upon  the  paper  is  absolutely  proportional  to  the  length 
of  time  for  which  the  circuit  is  closed  at  K.  By  closing  this  cir- 
cuit for  a  very  short  time,  simply  a  dot,  or  at  best  but  a  very 
short  line,  is  made  upon  the  paper,  while  closing  the  circuit 
for  a  longer  time  causes  a  dash  thus  to  be  recorded.  Morse, 
therefore,  devised  an  alphabet  in  which  the  letters  consist  of 
combinations  of  dots  and  dashes.  By  this  means  words  may  be 
spelled  out  by  making  and  breaking  the  circuit  properly  at  K, 
and  these  signals  are  thus  transmitted  to  the  distant  station 
where  they  are  registered  in  the  same  arbitrary  alphabet  upon 
the  long  strip  of  paper.  The  paper  is  then  unwrapped  from  the 
cylinder  and  the  words  again  spelled  out. 

A  portion  oi^  the  modern  telegraph  instrimient,  called  the 
sounder,  consists  of  an  apparatus  constructed  exactly  like  this 
in  every  jDarticular  with  the  exception  of  the  recording  device, 
which,  in  American  instruments,  is  omitted.  The  movement  of 
the  armature  up  and  down  makes  a  series  of  clicks  which  the 
skilled  operator  learns  to  recognize,  and  thus  the  message  is 
read  by  sound  and  at  once  written  down  by  hand. 

511.  The  Relay.  When  the  telegraph  is  operated  over  long 
distances,  the  resistance  of  the  wires  connecting  the  two  stations 
becomes  so  great  that  the  current  which  can  be  made  to  flow 
through  this  long,  high-resistance  circuit  is  too  feeble  to  operate 
an  instrument  such  as  has  been  described.  Half  of  the  resist- 
ance thus  introduced  by  a  complete  metallic  circuit  may,  indeed, 
be  avoided  by  using  the  earth  as  the  return  wire,  that  is,  by 
burying  large  plates  of  metal  in  the  earth,  one  at  each  station, 
and  letting  the  current  thus  flow  back  to  its  starting  point 
through  the  earth  which  has  practically  a  zero  resistance.  Even 
this  device,  however,  does  not  sufficiently  lower  the  resistance 
of  a  long  line  to  enable  current  enough  to  flow  around  the  coils 
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of  the  electromagnet  to  cause  the  armature  to  move  with  an 
audible  sound. 

To  overcome  this  difficulty,  an  instrument  called  the  relay,  or 
repeater,  is  used.  This  consists  of  an  electromagnet  A,  Fig.  339, 
wound  M'ith  several  thousand  turns  of  wire  and  provided  with 
an  exceedingly  delicate  armature,  B,  very  carefully  pivoted  at 
C.  The  feeble  current  from  the  distant  station  is  then  able  suffi- 
ciently to  magnetize  the  iron  core  of  the  relay  to  cause  the 
delicate  armature  to  move,  although  this  movement  is  whollj' 
inadeciuate  to  produce  an  audible  sound. 


Fig.  339.     Diagram  of  the  relay  and  the  local  circuit. 

Inasmuch,  however,  as  the  armature  moves,  and  moves  in 
unison  Avith  the  making  and  breaking  of  the  circuit  at  the  distant 
station,  this  armature  itself  may  be  used  as  a  key  which  makes 
and  breaks  the  current  in  another  circuit,  called  the  local  cir- 
cuit, consisting  of  a  battery  and  a  sounder,  through  which  a 
strong  current  can  flow.  As  the  armature  of  the  relay  moves 
downward,  a  point  upon  this  •  armature  makes  contact  with  a 
point  D  immediately  below,  and  this  closes  the  circuit  of  the 
local  battery  L.    The  current  from  tliis  local  battery  noAv  flows 


G2-I:  tup:  telegraph  and  the  telephone. 

through  the  armature  of  the  relay,  through  the  contact  at  B, 
around  the  coils  of  the  sounder  S  which  is  wound  with  heavy 
wire,  and  so  back  to  the  battery  L.  A  strong  current  flows 
through  this  low-resistance  local  circuit,  making  the  electromag- 
net of  the  sounder  strongly  magnetic,  and  bringing  the  arm- 
ature down  with  a  sharp  click,  which  is  readily  heard.  In  this 
way  the  relay  really  repeats  the  message  automatically  by  open- 
ing and  closing  the  local  circuit  simultaneously  with  the  opening 
and  closing  of  the  line  circuit  at  the  distant  station. 

512.  The  Cable.  In  attempting  to  send  a  message  through 
the  cable  across  the  ocean,  it  is  found  that  the  current  thus 
transmitted  is  too  feeble  to  affect  even  the  most  delicate  relay. 
This  is  due  not  only  to  the  resistance  of  the  cable,  but  in  a  far 
greater  degree  to  the  delay  which  the  current  experiences  in 
reaching  its  full  intensity,  because  of  the  capacity  of  the  cable. 
The  copper  wire  forming  the  true  conductor  of  the  cable  is 
separated  from  its  iron  sheathing  and  the  sea  water  by  a  layer 
of  insulation,  thus  making  it,  indeed,  a  very  long  condenser  of 
YQvy  large  capacity.  So  great  is  this  capacity  that  an  interval 
of  several  seconds  must  elapse  after  the  current  is  sent  into  the 
cable  at  one  end  before  it  rises  to  its  maximum  intensity  at  the 
other,  and  even  then  it  does  so  only  gradually. 

On  this  account  the  receiving  instruments  are  made  exceed- 
ingly delicate,  so  that  \\\ey  will  respond  when  the  cui*rent  begins 
to  rise,  and  thus  shorten  the  time  of  transmission.  jMoreover, 
the  cable  is  not  charged  to  its  full  capacity  for  each  signal,  but 
is  given  a  charge  for  an  instant  only,  and  is  then  connected 
with  the  earth,  or  "grounded",  so  that  an  electrical  pulse,  or 
Avave,  is  all  that  actually  advances.  Such  a  pulse  sent  from  the 
positive  pole  of  the  battery  represents  the  dots  of  the  telegraphic 
code,  and  a  corresponding  pulse  from  the  negative  pole  indicates 
the  dashes.  To  avoid  disturbances  from  earth  currents,  which 
are  nearly  always  present  and  which  would  tnask  the  signals 
transmitted,  each  end  of  the  cable  is  entirely  insulated,  and  is 
connected  to  one  side  of  a  large  condenser,  while  the  charging 
battery  and  the  receiving  instiniment  are  connected  between  the 
other  side  of  the  condenser  and  the  earth. 
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In  place  of  the  relay  for  receiving  the  message,  there  is  sub- 
stituted an  exceedingly  delicate  galvanometer,  and  the  message 
which  is  being  received  is  read  from  the  deflections  of  the 
needle.  Formerly,  this  needle  carried  a  mirror  from  which  light 
could  be  reflected,  and  the  message  was  then  read  bj''  the  move- 
ment of  this  spot  of  light  to  the  right  or  left  along  a  scale  in  a 
darkened  room.  Lord  Kelvin,  however,  devised  a  little  siphon  pen 
so  delicate  that  it  is  mounted  upon  this  very  light  needle,  and, 
of  course,  turns  with  the  needle.  A  strip  of  paper  drawn  be- 
neath this  pen  has,  therefore,  a  wavy  line  recorded  upon  it,  the 
deviations  of  this  line,  first  in  one  direction  and  then  the  other, 
corresponding  to  the  dots  and  dashes  of  the  Morse  alphabet  which 
is  used. 

The  conductor  of  the  cable  consists  of  several  strands  of  copper 
Avire  twisted  together,  thereby  insuring  both  flexibility  and 
working  service,  even  if  a  number  of  the  strands  should  break. 
This  copper  conductor  is  most  carefully  surrounded  by  many 
layers  of  hemp  saturated  with  gutta  perclia,  which  protect  it 
absolutely  from  contact  with  the  sea  water.  The  hemp  in  turn, 
is  surrounded  by  a  sheathing  of  steel  Mdres  to  prevent  the  cable 
from  being  cut  by  sharp  rocks  on  the  bottom  of  the  ocean,  and 
also  to  give  it  sufficient  strength  to  support  its  own  weight  while 
being  laid.  So  accurately  are  electrical  measurements  now  con- 
ducted, that  when  a  ''fault"  occurs,  either  when  the  cable  parts 
altogether,  or  when  the  insulation  has  been  injured,  thus  admit- 
ting the  conducting  sea  water  to  the  copper  wire,  the  position 
of  this  break  may  be  readily  located.  Ships  therefore  sail  out 
to  the  place  where  the  fault  occurs,  the  cable  is  picked  up  by 
grappling  hooks  and  the  injury  repaired,  after  which  it  is  once 
more  lowered  to  its  position  upon  the  bottom  of  the  ocean. 

513.  The  Telephone.  The  electromagnetic  telephone,  as  de- 
vised by  Alexander  Graham  Bell,  consists,  in  its  essential  parts, 
of  a  permanent  steel  magnet.  Fig.  340,  with  a  coil  of  fine  wire 
wound  around  one  end,  and  provided  with  a  thin,  soft  iron  disc, 
very  near  indeed  to  this  end  of  tlie  magnet.  With  this  appa- 
ratus no  battery  is  used.  The  lines  of  force  of  the  magnet  pass 
into  the  soft  iron  disc,  since  this  has  a  high  permeability,  and 
flow  through  this  disc  to  its  edge,  thence  through  the  air  to  the 
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other  end  of  the  magnet.  This  entire  flow  of  lines  of  force  takes 
place  through  the  coil  of  wire  which  is  wound  around  the  end  of 
the  magnet.  "When  the  disc  is  made  to  approach  nearer  to  the 
magnet,  it  intercepts  a  greater  number  of  lines  of  force,  and 
thus  makes  the  induction  greater.    The  field  of  force  through  the 

coil  of  wire  is  thus  increased, 
and  this  develops  an  in- 
duced current  in  this  wire. 
AVhen  the  disc  is  moved 
away  from  the  end  of  the 
^  magnet,  not   so  many  lines 

Diagram  of  the  telephone.  07  ./^ 

of  force  pass  through  it,  and 
consequently  the  induction  is  lessened.  This  weakening  of  the 
field  of  force  wdthin  the  coil  also  induces  a  current,  but  in  the 
direction  opposite  to  that  of  the  former  current. 

When  speech  is  uttered  before  this  device,  the  vibrations  of 
the  air  throw  the  disc  into  rapid  oscillations,  causing  it  to  move 
back  and  forth  very  near  the  end  of  the  magnet.  The  approach 
of  the  disc  develops  a  current  flowing  in  one  direction  through 
the  coil  of  wire,  while  the  recession, of  the  disc  induces  a  current 
flowing  in  the  opposite  direction. 

If  the  two  ends  of  this  coil  are  now  connected  with  the  two 
ends  of  a  similar  coil'  in  a  precisely  similar  instrument,  the 
current  which  is  generated  in  the  first  coil  flows  also  through 
the  second.  As  the  current  flows  in  one  direction  around  the 
coil  of  the  second  instrument,  it  strengthens  the  magnet  a  little, 
so  that  this  attracts  the  diphragm  a  little  nearer;  and  as  the 
current  flows  in  the  opposite  direction  around  this  coil,  it  weak- 
ens this  magnet  to  some  extent,  so  that  the  diaphragm,  not  being 
so  strongly  attracted,  moves  a  little  farther  away  from  the 
end  of  the  magnet.  In  this  way  the  diaphragm  of  the  second 
instrument  is  thrown  into  vibrations  precisely  similar  to  those 
which  the  first  diaphragm  executes,  and  these  are  similar  in  every 
way  to  the  vibrations  of  the  air  produced  by  the  voice.  The 
second  diaphragm,  therefore  sets  the  air  in  its  neighborhood 
into  vibrations  which  coincide  in  all  respects  with  the  vibrations 
occurring  before  the  first  diaphragm ;  and  therefore,  by  hold- 
ing the  second  diaphragm  to  the  ear,  sounds  are  heard  similar 
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to  tliose  which  were  uttered  before  the  first.  It  is,  therefore, 
perfectly  possible  to  use  this  instrument  both  for  transmitting 
as  well  as  for  receiving  sounds. 

514.  The  Microphone  Transmitter.  Another  mechanism, 
however,  is  noAv  used  as  the  transmitter,  or  as  the  generator  for 
the  alternating  and  fluctuating  currents  which  are  sent  along 
the  line.  This  device  depends  upon  the  principle  that  the  elec- 
trical resistance  of  a  bad  contact  varies  greatly  with  the  pressure 
to  which  it  is  subjected,  so  that  a  current  which  is  sent  through 
such  a  poor  contact  increases  as  the  pressure  increases,  and  di- 
minishes as  the  pressure  diminishes. 

Application  is  made  of  this  principle  in  the  construction  of 
the  modern  transmitter  of  the  telephone.  To  the  diaphragm  of 
this  transmitter  is  attached  one-half  of  a  little  box  A,  filled  with 
granular  carbon,  Fig.  341,  so  that  when  the  diaphragm  moves 
back  and  forth  in  response  to  the  vibrations  of  the  voice,  the 
pressure  of  the  little  particles  of  carbon  upon  one  another  varies 
continually.  If  the  current  from  a  battery  B  is  made  to  flow 
through  the  carbon  in  the  box,  the  varying  pressure  due  to  the 
vibrations  of  the  diaphragm  causes  the  resistance  of  the  carbon 
to  vary.  This  variation  of  the  resistance  causes  the  current 
Avhieh  flows  through  this  carbon  continually  to  change,  the 
variations  in  the  intensity  of  the  current  agreeing  with  the  vibra- 
tions of  the  diaphragm 
and  depending  upon 
them.  This  current  of 
varying  intensity  is  then 
sent  around  the  primary 
of  a  little  induction  coil, 
while  the  current  which 
is  thus  induced  in  tlie 
secondary  is  the  current 
that  is  sent  along  the  line 
to  the  distant  instrument. 
This  fluctuating  current 
passes  around  the  coil  which  surrounds  the  magnet  of  the  hand 
telephone,  or  the  receiver,  and  thus  reproduces  the  sound  in  the 
method  already  described. 


I'IG.      ?,41. 


The    iiiicrophoiie    transniittrr 
its  connections. 


and 
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Fig.  342. 


The  principle  of  tlae  micro- 
plione. 


This  principle,  whereby  a  feeble  vibration  is  made  to 
vary  the  electrical  resistance  of  a  bad  contact  and  so  pro- 
duce an  audible  sound  in  the  telephone,  is  known  as  that 
of  the  microphone.  If  a  carbon  rod  A,  Fig.  342,  is  laid 
loosely  upon  a  carbon  plate  B,  and  if  a  current  from  a  battery 

flows  through  the  poor  contacts 
made  by  these  pieces  of  carbon 
in  touching  each  other,  and  then 
flows  through  the  telephone,  the 
least  vibration  occuring  in  this 
carbon  system  will  cause  a  sound 
to  be  heard  in  the  telephone. 
Indeed,  if  ordinary  conversation 
is  carried  on  before  this  appar- 
atus, it  will  be  heard  in  the  dis- 
tant telephone,  or  if  a  watch  is 
laid  upon  the  table  where  this 
instrument  stands,  its  ticking  may  be  distinctly  heard. 

515.  Electric  Waves  and  Wireless  Telegraphy.  The  year 
1887  marks  an  epoch  in  electrical  science,  for  then  was  ushered 
in  a  new  era  of  knowledge  and  investigation  in  electricity.  In 
that  year  Heinrieli  Hertz,  of  Carlsruhe,  Germany,  made  the  im- 
portant discovery  that  the  disturbance  in  the  ether  produced 
by  an  electric  spark  is  propagated  through  space  with  the  ve- 
locity of  light  and  moves  with  wave  motion.  These  ether  strains 
or  electromagnetic  waves  are  again  converted  into  electrical  cur- 
rents whenever  they  meet  conducting  circuits,  so  that  throughout 
the  intervening  space  the  electrical  energy  is  propagated  in 
waves,  as  is  the  case  with  light.  These  waves  are  called  electro- 
magnetic, because  they  have  an  electric  and  also  a  magnetic 
component. 

In  our  study  of  electrical  discharge  we  have  seen  (j).  402) 
that  the  spark  is  not  a  simple  passage  of  electricity  from  one 
conductor  to  the  other,  but  consists  of  a  series  of  a  hundred  or 
more  oscillations  first  one  way  and  then  the  other.  A  single 
spark,  therefore,  consists  of  many  oscillatory  discharges,  each 
oscillation  occupying  seldom  more  than  the  millionth  part  of  a 
second,  and  often  less  than  the  thousandth  part  even  of  this 
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small  interval.  AA^itli  each  oscillation,  the  ether  in  the  immediate 
vicinity  of  this  spark  is  strained  (p.  323),  so  that  the  strain  in 
the  ether,  as  well  as  the  spark,  is  oscillatory  in  character.  Like 
other  vibrations  in  the  ether,  these  electromagnetic  "waves  are 
propagated  Avith  the  velocity  of  light,  and  the  distance  which 
the  disturbance  travels  during  the  interval  of  one  complete  oscil- 
lation of  the  electric  spark  is  known  as  the  wave  length.  The 
period  of  these  oscillations,  however,  depends  upon  the  capacity 
and  the  self-induction  of  the  circuit  producing  the  spark,  and 
therefore  the  wave  length  as  well  as  the  period  of  the  ether 
Avaves  depends  also  upon  the  capacity  and  self-induction  of  the 
sending  circuit. 

Hertz  detected  the  presence  of  these  electromagnetic  waves 
throughout  a  space  ten  or  fifteen  meters  from  the  source  by 
placing  a  loop  of  wire  a  little  more  than  half  a  meter  in  diameter 
in  different  positions  relative  to  the  spark,  and  observing  the 
presence  or  absence  of  tiny  induction  sparks  between  the  two 
ends  of  this  loop  when  these  were  separated  by  an  exceedingly 
small  fraction  of  a  millimeter.  In  this  way  he  detected  the  exist- 
ence of  nodes  and  antinodes,  measured  wave  lengths,  and  demon- 
strated that  these  electric  waves  may  be  reflected,  refracted,  and 
polarized,  exactly  as  is  the  case  Avith  the  ether  waves  forming 
light.  The  researches  of  Hertz  have  proved  beyond  a  doubt  the 
identity  in  nature  of  light  and  electric  waves,  and  have  furnished 
a  striking  experimental  verification  of  the  theory  propounded  by 
jMaxwell  twenty  years  earlier,  that  light  is  an  electromagnetic 
phenomenon. 

516.  The  Coherer.  Subsequent  to  the  discoveries  of  Hertz, 
Branly  found  that  the  electrical  resistance  offered  by  a  tube  of 
metallic  filings  decreases  enormously  when  exposed  to  electric 
waves.  If  a  small  tube  containing  metallic  filings,  preferably 
of  nickel  and  silver,  is  included  in  series  with  a  battery  and  a 
rela}',  the  resistance  offered  by  the  filings  is  so  great  that  the 
relay  fails  altogether  to  act,  and,  indeed,  practically  no  current 
flows.  As  soon,  however,  as  electric  waves  sweep  across  this 
tube,  the  resistance  becomes  very  small,  so  that  a  current  then 
flows  through  the  relay,  and  tliis,  in  turn,  actuates  a  sounder.  A 
slight  tap  with  the  finger  restores  the  filings  to  their  original 
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high-resistance  condition,  the  current  then  ceases  to  flow  through 
the  relay,  and  the  apparatus  is  ready  to  detect  another  electric 
wave. 

The  action  of  the  electric  waves  upon  the  tube  of  filings  is 
not  well  understood.  It  was  formerly  thought  that  tiny  induc- 
tion sparks  passed  between  the  filings,  causing  them  to  weld  to- 
gether, or  to  cohere,  thus  forpaing  a  circuit  of  low-resistance,  and 
the  tube  of  filings  was  therefore  called  the  coherer.  This  name 
is  still  retained,  although  it  is  now  thought  that  the  electric 
waves  develop  a  difference  of  potential  between  the  filings  which 
causes  them  to  exert  so  powerfvil  an  electrostatic  attraction 
for  one  another  that  the  layer  of  air  between  them  is  excluded, 
and  the  filings  come  into  intimate  contact.  An  automatic  tap- 
ping device  is  arranged  whereby  the  coherer  may  always  be 
cle-cohered  as  soon  as  the  wave  passes,  and  thus  be  in  a  condition 
to  detect  succeeding  waves.  A  convenient  means  of  accomplish- 
ing this  is  to  mount  the  coherer  upon  the  armature  of  the  sounder 
which  the  relay  actuates,  so  that  the  filings  are  jarred,  de- 
cohered, and  therefore  ready  for  the  next  electric  wave  as  soon 
as  the  signal  due  to  the  presence  of  the  first  one  has  been  given. 

517.  The  Aerial.  It  was  soon  discovered  that,  by  connect- 
ing a  long  vertical  wire  wdth  one  of  the  two  conductors  between 
which  the  oscillating  spark  passed,  more  energy  may  be  thus 
imparted  to  the  ether,  and  also  that  by  connecting  the  coherer,  or 
other  receiving  apparatus,  with  a  similar  vertical  wire  or  aerial, 
a  greater  amount  of  energy  may  be  received.  Accordingly, 
both  at  the  sending  and  at  the  receiving  stations  of  the  wireless 
telegraph,  tall  towers  or  masts  are  erected  from  which  these 
aerials,  or  antennae,  are  suspended.  In  these  aerials  are  de- 
veloped induction  currents  which  vibrate  throughout  the  length 
of  this  wire  in  unison  with  the  electromagnetic  waves  which 
they  intercept.  Originally  the  coherer  was  inserted  between  the 
aerial  and  the  earth,  so  that  these  induction  currents  could  pass 
through  it.  Later,  it  was  found  that  a  more  efficient  method  was 
to  allow  these  oscillating  currents  in  the  aerial  to  pass  through 
the  primary  of  a  small  induction  coil  which  contains  no  iron, 
and  to  connect  the  coherer  in  the  secondary  circuit  of  this  coil. 
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518.  Wave  Detectors.  Many  other  means  for  receiving  the 
electric  waves  have  been  devised,  all  of  which  may  be  grouped 
together  under  the  general  term  of  "detectors."  One  in  par- 
ticular, known  as  the  magnetic  detector,  deserves  mention,  in- 
asmuch as  it  has  been  used  with  peculiar  success  by  Marconi  in 
his  transatlantic  telegraphy.  In  this  device,  the  current  from 
the  aerial  passes  through  the  primary  of  a  small  induction  coil, 
the  core  of  which  is  a  ribbon  of  soft  iron  magnetized  to  satura- 
tion. This  iron,  by  its  great  retentivity,  retains  a  large  amount 
of  residual  magnetism,  though  this  is  exceedingly  unstable,  since 
the  coercive  force  of  soft  iron  is  very  small.  The  secondary  of 
this  induction  coil  is  connected  with  a  telephone,  which  will 
thus  indicate  any  change  in  the  number  of  lines  of  force  passing 
through  the  primary,  that  is,  it  will  indicate  any  change  in  the 
magnetic  condition  of  the  soft  iron  ribbon.  The  oscillating  cur- 
rent from  the  aerial,  as  it  passes  through  the  primary  of  this 
coil,  acts  as  a  coercive  force,  Avhich  destroys  the  residual  mag- 
netism of  the  iron  ribbon.  This  decrease  in  the  number  of  lines 
of  force  passing  through  the  iron  core  induces  a  current  in  the 
secondary  coil,  and  a  sound  is  produced  in  the  telephone.  A 
fresh  part  of  the  magnetized  iron  ribbon  is  then  moved  by  clock 
work  into  the  primary  of  this  coil,  so  that  the  following  waves 
may  be  detected  in  a  similar  manner.  The  message  is  thus  read 
by  a  succession  of  clicking  sounds  in  the  telephone. 

Another  detector  which  has  been  found  effective  and  useful 
depends  upon  the  property  which  many  crystals  possess  of 
rectifying  an  oscillatory  current.  If  an  alternating  current  is 
made  to  pass  through  the  contact  formed,  for  instance,  by  a 
crystal  of  carborundum  and  a  metallic  plate,  it  is  found  tliat  the 
part  of  the  current  which  flows  in  one  direction  will  pass  freely 
through  such  a  contact,  but  that  the  portion  Avhich  flows  in  the 
opposite  direction  cannot  pass.  In  other  words,  the  contact 
formed  by  a  crystal  of  carborundum  and  a  metallic  plate  will 
allow  a  current  to  pass  which  is  flowing  in  one  direction,  and 
this  combination  of  carborundum  crystal  and  metallic  plate  is 
accordingly  called  a  rectifier. 

If  such  a  rectifier  is  connected  between  the  aerial  and  the 
earth,  only  those  portions  of  the  oscillating  current  in  the  aerial 
which  flow  in  one  direction  will  pass  through  it,  while  those 
oscillations  which  take  place  in  the  opposite  direction  are  ex- 
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eluded.  Accordingly,  if  a  telephone  is  connected  in  series  with 
the  rectifier  between  the  aerial  and  the  earth,  those  portions  of 
the  current  which  pass  through  the  rectifier  will  likewise  pass 
through  the  telephone  and  produce  a  sound,  and  thus  the  mes- 
sage may  be  read.  Another  and  better  method  is  to  connect  the 
telephone  as  a  shunt  to  the  rectifier,  in  which  case  those  por- 
tions of  the  current  which  are  excluded  by  the  rectifier  will  flow 
through  the  telephone  and  thus  produce  a  sound.  In  practice, 
the  telephone  is  liow  used  almost  altogether  for  receiving  wire- 
less messages. 

As  early  as  December  1901,  Marconi  was  able,  by  using  the 
magnetic  detector,  to  recognize  the  three  dots  of  the  letter  "S" 
which  were  transmitted  by  ether  waves  across  the  Atlantic  Ocean. 
During  the  succeeding  year  he  made  many  improvements  in.  his 
apparatus;  and  early  in  th^  year  1903,  a  message  was  sent 
without  wires  across  the  Ocean  from  President  Roosevelt  in  the 
United  States  to  King  Edward  in  England.  Later,  a  regular 
transatlantic  service  between  these  two  countries  w^as  established, 
and  in  1914  wireless  communication  betAveen  Berlin  and  New 
York  was  made  possible. 


CHAPTER  XLjy. 
CONDUCTION  OP  ELECTRICITY  THROUGH  GASES. 

519.  The  Ionization  of  a  Gas.  When  two  conductors  in  the 
air  are  brought  to  potentials  which  dift'er  by  several  thousand 
volts  per  centimeter,  an  electrical  stress  of  such  magnitude  may 
be  developed  that  the  air  will  be  broken  down  and  a  spark  will 
be  produced.  This  spark  is  a  true  passage  of  electricity,  and  a 
momentary  current  flows  from  one  conductor  to  the  other. 
Under  ordinary  conditions,  however,  and  for  moderate  differ- 
ences of  potential,  dry  air  at  atmospheric  pressure  is  found  to 
be  practically  a  non-conductor  of  electricity,  so  that  a  charged 
electroscope,  for  instance,  may  remain  often  for  hours  without 
having  its  charge  perceptibly  diminished. 
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Nevertheless,  by  a  number  of  processes,  the  air  may  become  a 
fairly  good  conductor,  and  when  in  this  condition  it  enables 
electricity  to  flow  continuously  between  two  conductors,  or  elec- 
trodes, even  though  these  be  maintained  at  potentials  which  are 
relatively  low.  The  methods  by  which  the  air  may  be  made 
conducting  are  numerous  and  varied,  such  as  the  splasliing  of 
near-by  water,  the  gases  from  flames,  the  presence  of  incan- 
descent metals,  the  action  of  ultra-violet  light  upon  polished 
metallic  surfaces,  the  previous  passage  through  this  air  of  an 
electric  spark,  the  action  of  the  X  rays,  the  presence  of  radium 
or  any  radio-active  bodj^,  and  to  some  extent  a  spontaneous 
action  from  the  air  itself.  Under  any  of  these  conditions  except 
the  last,  an  electroscope,  whether  charged  positively  or  nega- 
tively, will  be  rapidly  discharged.  Air  when  in  the  conducting 
condition  is  said  to  be  ionized. 

The  conductivity  thus  imparted  to  air  or  any  other  gas  may 
be  removed  by  drawing  the  air  or  gas  through  a  tube  closely 
packed  with  cotton  or  with  glass  wool,  thus  showing  that  the 
cause  of  the  conductivity  is  due  to  particles  which  may  be  re- 
moved by  the  mechanical  process  of  filtering.  This  conductivity 
may  like\Adse  be  removed  by  the  presence  of  an  electric  field, 
which  sliows  that  these  particles  are  electrified,  and  are  thus 
driven  by  the  field  against  the  sides  of  the  tube  in  whicli  tiie 
gas  is  contained. 

Since  the  gas  as  a  whole  is  neutral,  tliat  is,  it  is  charged 
neither  positively  nor  negatively,  it  is  evident  that  there  must 
be  present  both  positively  and  negatively  charged  parlich-s  in 
equal  numbers.  Therefore,  it  is  seen  that  the  conductivity  of 
a  gas  is  due  to  the  movement  of  both  positively  and  negatively 
charged  particles,  which  are  known  as  the  ions,  though  these 
ions  are  not  identical  with  those  to  which  the  conductivity  of 
electrolytes  is  due.  The  presence  of  these  ions  in  the  gas  sug- 
gests a  molecular  dissociation,  and,  indeed,  this  is  found  to  be 
the  case.  Any  one  of  the  processes  above  mentioned  is  able, 
therefore,  to  separate  a  single,  free,  negatively  charged  electron 
from  the  gaseous  molecule,  and  thus  leave  the  latter  positively 
charged,  the  two  charged  parts  being  called  the  ions,  and  this 
process  being  known  as  the  ionization  of  the  gas. 
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520.  The    Geissler   Vacmun   and    the    Crookes's    Vacuum. 

When  the  pressure  of  the  gas  is  decreased,  its  character,  as 
regards  its  conductivity,  changes  completely.  This  may  be  con- 
veniently studied  by  sealing  two  wires,  or  electrodes,  into  the 
ends  of  a  glass  tube  from  which  the  air  may  be  gradually  ex- 
hausted. If  a  difference  of  potential  far  less  than  that  required 
to  produce  a  spark  is  maintained  between  these  electrodes,  but 
little  effect  will  be  observed,  until  a  pressure  equivalent  to  7 
or  8  centimeters  of  mercury  is  reached,  Vvdien  a  beautiful,  violet- 
colored  thread,  or  band  of  light,  may  be  seen  extending  from 
one  electrode  to  the  other,  and  a  continuous  current  of  electric- 
ity now  flows  through  the  tube.  As  the  exhaustion  proceeds, 
the  conductivity  apparently  undergoes  a  modification,  for  the 
appearance  of  the  tube  changes  altogether,  the  violet  band  be- 
comes broader  and  paler,  while  a  dark  line  develops  in  the 
immediate  neighborhood  of  the  negative  electrode,  or  the  cathode. 
A  very  characteristic  stage  is  reached  when  the  pressure  of 
the  gas  is  reduced  to  one  or  two  millimeters  of  mercury,  that 
is,  to  the  condition  which  is  known  as  the  Geissler  vacuum.  It 
will  then  be  observed  that  a  faint,  luminous,  velvety  coating, 
A^  Fig.  343,  surrounds  the  cathode,  and  that  the  line  near  that 
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Fig.  343.     The  Geissler  discbarge. 

electrode  has  widened,  forming  a  dark  region,  B,  known  as  the 
Crookes's  dark  space.  Beyond  this  again  is  observed  a  faint 
luminous  patch,  C,  known  as  the  negative  or  cathode  glow,  after 
which  comes  another  dark  region,  D,  called  the  Faraday  dark 
space,  and  adjacent  to. this  is  a  highly  luminous  band  of  light 
known  as  the  positive  column,  E^  often  forming  into  sections 
or  striae  of  unequal  intensity,  and  extending  clear  to  the  posi- 
tive electrode.  It  is  worthy  of  note  that  the  length  of  the 
Crookes's  dark  space  is  independent  of  the  length  of  the  tube, 
or  of  the  position  of  the  positive  electrode,  or  anode.  In  a  tube 
fifty  feet  long,  the  luminous  positive  column  occupies  the  entire 
distance  with  the  exception  of  an  inch  or  two  immediately  be- 
3'ond  the  cathode. 
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As  the  exhaustion  of  the  tube  is  carried  still  farther,  the  re- 
sistance becomes  greater,  the  Crookes's  dark  space  increases  in 
length,  the  positive  column  becomes  less  luminous  and  shorter, 
and  seems  to  be  pushed  back  towards  the  anode  as  the  Crookes's 
dark  space  becomes  longer.  "When  the  pressure  in  the  tube  has 
been  reduced  to  about  .001  millimeter  of  mercury,  the  positive 
column  disappears,  the  Crookes's  dark  space  increases  in  length 
until,  for  tubes  of  moderate  size,  it  occupies  the  entire  tube,  and 
the  glass  at  the  end  remote  from  the  cathode  emits  a  bright  green 
fluorescent  light.  When  this  stage  of  exhaustion  has  been 
reached,  a  degree  of  rarefaction  known  as  the  Crookes's  vacuum 
has  been  produced ;  and  the  tube  in  which  a  discharge  of  this 
nature  occurs  is  known  as  a  Crookes's  tube. 

521.  The  Cathode  Rays.  It  is  from  the  discharge  Avhich 
takes  place  through  a  tube  at  this  low  pressure,  and  from  many 
of  the  phenomena  which  may  be  observed  in  connection  with 
this  discharge,  that  conclusions  have  been  reached  as  to  the 
nature  of  electricity,  and  deductions  drawn  regarding  the  con- 
stitution of  matter.  "When  we  recall  that  a  gas  is  able  to  con- 
duet  electricity  only  when  it  contains  a  number  of  electrified 
particles  mingled  with  its  molecules,  it  is  evident  that  in  the 
Crookes's  tube  we  are  dealing  with  a  stream  of  such  particles. 
Sir  William  Crookes,  who  first  studied  a  gas  under  these  con- 
ditions, showed  that  an  obstacle  placed  between  the  .electrodes 
would  cast  a  shadow  on  the  end  of  the  tube  away  from  the 
cathode,  thereby  proving  that  this  conduction  was  effected  by 
particles  which  were  shot  out  from  the  negative  electrode,  and 
which  are  now  known  as  the  cathode  rays.  This  cathode  stream 
Avas  observed  to  be  deflected  when  an  electrified  body  was 
brought  near,  and  was  deflected  in  such  a  direction  as  to  show 
that  these  cathode  rays  consist  of  negatively  charged  particles. 
Moreover,  when  a  magnetic  field  was  approached,  this  steam  of 
cathode  rays  was  again  deflected,  but  in  a  different  direction, 
moving,  indeed,  at  right  angles  to  the  stream,  and  also  at  right 
angles  to  the  magnetic  lines  of  force,  that  is,  moving  in  a  direc- 
tion in  which  a  negative  current  of  electricity  would  move  if  it 
were  flowing  in  this  magnetic  field.  It  Avas  seen,  therefore,  that 
this  stream  of  negatively  electrified  particles,  moving  through 
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ihe  tube  from  the  cathode  to  the  anode,  constitutes  the  current 
of  electricity  flowing  through  the  tube.  Even  at  this  early 
date,  1883,  Crookes,  by  an  almost  prophetic  insight,  predicted 
that  the  particles  of  which  the  cathode  rays  consist  would  be 
found  to  be  smaller  even  than  the  atoms. 

522.  The  Velocity,  Charge  and  Mass  of  the  Cathode  Parti- 
cles, or  the  Electrons.  'MmAi  of  the  knowledge  wdiich  the  world 
now  possesses  regarding  the  nature  both  of  electricity  and  of 
matter,  and  of  the  relation  between  them,  is  due  to  the  untiring 
work  of  Sir  J.  J.  Thomson,  and  to  the  researches  of  the  per- 
sons whom  his  teachings  have  inspired. 

By  using  an  exhausted  tube  of  a  form  similar  to  the  one 
shown  in  Fig.  344,  where  C  is  the  cathode  and  A  the  anode, 


Fig.   344.     Tube  for  measuring  the  deflection  of  cathode  raj-s  by  magnetic  and 

electric  fields. 

Thomson  was  able  to  measure  not  only  the  velocit}^,  v,  of  the 
cathode  particles,  but  also  the  ratio  of  the  charge,  e,  which  each 
particle  carries,  to  the  mass,  m,  of  that  particle.  The  anode,  A, 
is  pierced  by  a  hole  perhaps  a  millimeter  in  diameter,  and  D  is 
a  metallic  plug  connected  with  the  earth,  and  having  a 
similar  hole  at  its  center.  Cathode  rays,  after  passing  through 
the  holes  in  A  and  B,  continue  in  this  direction  through  the 
tube,  and  at  the  farther  end  fall  upon  a  fluorescent  screen, 
which  becomes  luminous  under  the  impact  of  these  rays. 

By  applying  a  known  magnetic  field  of  intensity  H,  this  beam 
of  cathode  particles  will  be  deflected  through  a  curved  path,  the 
radius,  r,  of  which  may  be  computed  from  the  distance  ah,  Avhieh 
is  the  amount  of  deviation  produced  by  the  field.  But  when  a 
magnetic  field,  E,  acts  at  right  angles  to  a  current,  7,  it  exerts 
upon  the  current  a  force  equal  to  H  I.  In  this  case,  the  current 
which  flows  is  produced  by  particles,  each  charged  with  e  elec- 
tromagnetic units  of  electricity,  and  moving  Avith  a  velocity  of  v 
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centimeters  per  second.  Each  moving  particle,  therefore,  is 
equivalent  to  a  current  ev,  and  the  force,  due  to  the  magnetic 
field,  H,  tending  to  deviate  this  particle  from  its  rectilinear  mo- 
tion, h  H  e  V.  Inasmuch  as  the  particle  moves  in  a  curv^ed  path, 
the  deflecting  force,  acting  upon  it  in  the  direction  of  the  radius 

of  curvature,  must  be  equal  to  the  centrifugal  force, ,    of 

/■ 

the  particle,  acting  in  the  opposite  direction,  and  therefore 


Jfev 


from  "which 

Jlr  =  '^.  (1) 


Since  H  and  r  may  both  be  measured,  the  value  of  may 

e 

be  determined. 

At  D  and  E  in  the  narrow  part  of  the  tube  are  inserted  tAvo 
metallic  plates  which  may  be  connected  with  a  battery,  and 
thus  a  difference  of  potential  E  produced  between  them.  The 
negatively  charged  particles,  of  which  the  cathode  rays  are  com- 
posed, are  therefore  repelled  by  gne  plate  and  attracted  by  the 
other,  so  that  this  beam  is  deflected  likewise  by  this  electrostatic 
field.  The  force  acting  on  any  particle  tending  to  deflect  it  is 
proportional  to  the  intensity  of  the  field  E  and  to  the  charge  e 
which  the  particle  carries,  hence  this  deflecting  force  is  equal 
to  Ee.  By  so  adjusting  E  that  its  value  and  direction  will  be 
such  as  to  produce  a  deflection  of  the  cathode  beam  exactly 
equal  in  amount  and  opposite  in  direction  to  that  produced  by 
the  magnetic  field,  each  force  will  hold  the  other  in  equilibrium, 
and  the  luminous  spot  upon  the  phosphorescent  screen  will 
remain  undeviated.     Accordingly', 

H  ev  =  E  e, 

and 
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II' 

The  velocity  of  the  cathode  particle  is  thus  found  to  be  simply 
the  ratio  of  the  intensities  of  the  electrostatic  and  the  magnetic 
fields,  both  of  Avhieh  may  be  measured,  and  hence  v  is  known. 
The  value  of  v,  determined  in  this  way,  is  found  to  be  from  1/5 
to  1/0  the  velocity  of  light,  depending  upon  the  difference  of 
potential  between  the  electrodes,  that  is,  the  cathode  particles 
move  with  a  velocity  from  40,000  to  90,000  miles  per  second. 
By  substituting  the  value  of  v  thus  obtained  in  equation  (1), 
the  value  of  e/mi  may  be  computed,  since  both  K  and  r  are 
known.  The  value  of  c/m  thus  determined  is  1.7  X  10^  where 
e  is  the  charge  upon  each  cathode  particle  measured  in  electro- 
magnetic units,  and  m  is  the  mass  of  this  particle. 

By  tlie  extremel}^  beautiful  and  ingenious  device  of  liolding 
in  equilibrium  between  two  charged  plates  a  drop  of  oil  to 
which  an  electron  has  attached  itself,  ]Millikan  of  Chicago  has 
measured  the  electrical  charge  c  upon  a  single  electron,  and 
found  it  to  be  4.77  X  10"^^  electrostatic  units.  This,  hoivcver, 
is  identical  irith  fJic  cliargc  ivliich  is  carried  hy  the  hydrogen  ion 
in.  electrolysis.  Accordingly,  by  comparing  the  value  of  e/m  as 
thus  determined  for  the  cathode  particle,  namely,  1.7  X  10", 
with  that  as  found  for  the  hydrogen  ion  in  electrolysis,  which 
is  almost  exactly  1  X  10*,  we  find  that  e/m  for  the  cathode 
particle  is  1700  times  greater  than  the  value  of  e/m  as  deter- 
mined for  the  hydrogen  atom ;  and,  therefore,  since  e  is  the 
same  in  both  cases,  it  follows  that  ni,  or  the  mass  of  the  cathode 

particle,  is  only  of  that  of  the  H  atom. 
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523.  The  Electron  is  the  Ultimate  Unit  or  Atom  of  Elec- 
tricity. In  this  way  Sir.  eT.  J.  Thomson  proved  that  the  atom 
is  not  the  ultimate  particle  of  matter,  but  that  it  is  extremely 
complex,  and  contains  in  its  constitution  a  number  of  these  ex- 
ceedingly small  particles,  no  larger  than  the part  of  size 

170U 

of  the  hydrogen  atom,  which  are  called  corpuscles  or  electrons. 
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Probably  no  one  discovery  of  modern  science  is  of  greater  im- 
port than  this,  or  is  attended  with  consequences  -whieli  are 
farther  reaching. 

Moreover  the  nature  and  characteristics  of  the  electrons  which 
are  present  in  a  beam  of  cathode  rays  are  found  to  be  absolutely 
independent  of  the  material  of  the  electrodes,  or  of  the  kind  of 
gas  Avhicli  the  tube  contains.  It  is  therefore  apparent  that  these 
electrons  are  a  common  constitutent  of  matter  of  all  kinds,  and 
that  matter  is  composed,  in  part  at  least,  of  these  negatively 
charged  particles,  together  with  a  certain  amount  of  positive 
electrification,  about  which  but  little  is  now  understood. 

Not  only  is  the  electron  the  smallest  particle  of  matter  known 
to  exist,  but  its  electrical  charge,  which  is  constant,  is  the 
smallest  quantity  of  electricity  that  has  ever  been  detected.  In- 
deed this  quantity  of  electricity  is  so  small  that  none  has  ever 
been  found  smaller.  Again,  larger  quantities  of  electricity  are 
found  always  to  be  multiples  by  wdiole  numbers  of  the  quantity 
upon  an  electron,  from  which  it  is  apparent  that  this  is  the 
ultimate  charge  or  unit  of  electricity,  that  a  negative  static 
charge  is  a  multitude  of  these  electrons  in  undirected  motion 
upon  the  surface  of  the  charged  body,  and  that  an  electric  cur- 
rent is  simply  an  assemblage  of  these  electrons  moving  with  a 
directed  motion. 

524.  The  Electrical  Theory  of  Matter.  A  consideration  of 
the  greatest  interest  connected  with  the  electron  is  the  possibility 
that  this  particle,  although  obtained  from  matter  of  all  kinds, 
may  itself  not  be  composed  of  matter,  an  this  word  is  ordinarily 
used,  but  that  its  mass  may  he  only  apparent,  and  due  to  the 
fact  that  it  is  an  electrified  particle  moving  with  a  high  velocity. 
It  is  well  known  that  a  charged  body,  when  set  in  motion, 
spreads  a  magnetic  field,  and  therefore  also  electromagnetic  en- 
ergy, throughout  the  surrounding  region.  Accordingly,  more 
force  is  required  to  accelerate  a  charged  body  than  to  set  in 
motion  a  body  wliich  is  not  charged,  so  that  a  charged  body  has 
a  greater  apparent  mass  than  one  uncharged. 

It  is  thought  that  the  same  reasoning  must  be  tnie  with  the 
electron.  Indeed,  by  using  electrons  produced  by  radium,  Kauf- 
mann  has  detected  indications  tliat  the  mass  of  the  electron  is 
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not  constant,  but  increases  with  its  velocity.  IMoreover,  Tiiomson. 
has  computed  the  apparent,  or  the  electromagnetic,  mass  of  the 
electron  from  its  charge  and  its  velocity,  and  has  found  it  to 
agree  with  its  mass  as  determined  by  experiment.  If  these  con- 
clusions prove  to  be  correct,  we  may  regard  the  electron  simply 
as  the  ultimate  atom  or  particle  of  electricity,  and  as  having 
mass  which  is  only  apparent,  that  is,  which  is  wholly  electromag- 
netic and  not  material.  ]\Ioreover,  since  electrons  may  be  ob- 
tained from  matter  of  all  kinds,  the  question  may  fairly  be  asked 
if  all  matter,  or  at  least  a  portion  of  it,  may  not  be  entirely  elec- 
trical in  its  constitution, 

525.  Conduction  of  Electricity  Through  Gases.  We  are  now 
in  a  position  to  discuss  more  intelligently  the  phenomena  which 
occur  when  the  electrical  discharge  takes  place  through  the  rare- 
fied gas  of  the  ordinary  vacuum  tube,  (p.  634).  Observation 
has  shown  that,  due  to  the  spontaneous  ionization  before  men- 
tioned, the  air  or  any  gas  ordinarily  contains  a  few  ions,  that 
is,  a  few  free  electrons  and  a  corresponding  number  of  air  mole- 
cules each  of  which  has  lost  an  electron,  and  Avhich  is  therefore 
positively  charged.  When  a  sufficiently  great  difference  of 
potential  is  produced  in  the  air  at  atmospheric  pressure,  these 
free  electrons  are  repelled  by  the  negative  electrode,  and  col- 
lide with  a  near-by  molecule  with  sufficient  energy  to  dislodge 
an  electron  from  it.  This  electron  is  then  likewise  repelled  by 
the  cathode,  and  collides  with  another  molecule  from  which  it 
displaces  an  electron,  and  so  on,  and  a  spark  passes. 

When  the  pressure  is  reduced,  as  it  is  in  the  exhausted  tube, 
the  molecules  are  farther  apart,  the  electron  can  then  move 
through  a  longer  distance  before  colliding  wuth  a  molecule,  and 
does  so  with  a  much  smaller  differeiice  of  potential  between  the 
electrodes.  When  the  pressure  is  no  lower  than  that  of  six  or 
eight  centimeters  of  mercury,  and  the  violet-colored  thread  is 
observed  to  extend  between  the  electrodes,  this  process  of  col- 
lision and  ionization  goes  on  throughout  the  length  of  the  tube, 
and  the  current  thus  flows  from  one  molecule  to  the  next  by  the 
movement  of  an  electron  that  was  dislodged  from  one  of  the  pre- 
vious molecules.  AVhenever  a  molecule  is  thus  bombarded  by  an 
electron,  or  whenever  a  molecule  which  is  lacking  an  electron. 
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picks  one  up,  or  recombincs,  a  shock  of  such  intensity  is  thereby 
imparted  to  the  electrons  remaining  in  the  molecule  that  they 
are  made  to  vibrate ;  and  as  their  vibration  means  the  periodic 
movement  back  and  forth  of  electrified  particles,  electromagnetic 
waves  will  go  out  from  this  molecule  and  produce  the  sensation 
of  light.  The  violet  color  of  this  thread  of  light  is  characteristic 
of  nitrogen,  and  is  due  to  the  vibration  of  the  electrons  in  the 
nitrogen  molecules  which  are  thus  bombarded  bj''  electrons. 

But  the  cathode  not  only  repels  negatively  charged  electrons, 
but  attracts  the  positively  charged  ions  that  have  lost  an  elec- 
tron. These  larger  particles,  thus  being  attracted  by  the  cathode, 
move  toward  it  witli  so  high  a  velocity  and  strike  it  so  severe 
a  blow  that  they  dislodge  an  electron  from  the  metal  of  which 
it  is  made,  and  this  electron  is  then  repelled  by  the  cathode  in 
a  straight  line  perpendicular  to  its  surface.  The  velvety  light 
immediately  about  the  cathode  is  thought  to  be  due  to  the  pos- 
itive ions  which  are  here  bombarding  this  electrode,  and  the 
Crookes's  dark  space  is  the  region  through  which  are  moving 
the  electrons  which  had  been  repelled  in  straight  lines  from  its 
surface.  The  somewhat  complicated  distributions  of  light 
throughout  the  various  parts  of  the  tube  are  thought  to  be 
the  places  where  either  ionization  or  recombination  is  tak- 
ing place,  and  where  a  shock  is  thus  imparted  to  the  electrons  in 
the  molecules.  As  the  exhaustion  increases  the  number  of  mole- 
cules diminishes,  and  so  the  collisions  occur  less  frequently.  The 
Crookes's  dark  space  then  grows  longer  and  the  positive  col- 
umn shorter,  until,  at  a  pressure  of  .001  millimeter  or  less,  the 
positive  column  disappears,  and  the  Crookes's  dark  space  ex- 
tends clear  to  the  annode  and  to  the  glass  behind  it. 

526.  The  Energy  of  the  Cathode  Rays.  ]\[any  beautiful  and 
most  interesting  phenomena  are  connected  with  the  passage  of 
this  column  of  cathode  rays  throughout  the  length  of  the  tube, 
and  the  effect  produced  by  the  impact  of  these  rays  upon  va- 
rious objects  is  likewise  full  of  interest.  As  has  been  pointed 
out,  the  glass  then  glows  with  a  ])right  fluorescent  light, 
the  color  of  which  depends  upon  the  materials  of  which  the  glass 
is  made.  An  object  placed  in  the  tube  casts  a  perfectly  sharp 
shadow  upon  the  remote  end,  showing  that  the  cathode  rays 
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are  shot  out  perpendicularly  from  the  cathode,  and  move  in 
straight  lines.  Indeed,  the  path  of  these  rays  through  the  tube 
is  entirely  independent  of  the  position  of  the  anode,  for  the 
column  always  proceeds  in  a  straight  line  from  the  surface  of 
the  cathode. 

The  imi3act  of  the  cathode  particles  jDroduces  the  most  beauti- 
ful and  brilliant  fluorescence  in  various  crystals  which  may  be 
placed  in  the  path  of  these  rays.  If  the  cathode  is  made  con- 
cave, so  that  the  rays  which  leave  its  surface  will  be  brought  to 
a  meeting  j^oint,  or  focus,  and  if  a  plate  of  platinum  is  placed 
at  this  focus,  the  energy  of  these  rays,  due  to  their  enormous 
velocity,  Avill  raise  the  platinum  to  a  bright  red  heat.  Indeed, 
the  kinetic  energy  per  milligram  of  the  electrons  constituting 
the  cathode  rays  has  been  calculated  as  10^'  ergs,  or  about  three 
and  a  half  million  foot-tons. 


527.  The  Rontgen  Rays.  But  perhaps  the  most  interesting 
phenomenon  connected  with  this  discharge  is  the  fact  that  any 
surface  which  is  thus  bombarded  by  these  cathode  particles  be 
comes  itself  the  seat  of  a  new  form  of  radiation,  discovered  by 
Professor  Rontgen,  of  Munich,  and  now  known  as  the 
Rontgen  rays,  or  the  X  rays.     Formerly  the  source  of  these  rays 

Avas  therefore  the  inside 
of  the  tube  itself,  as  the 
stream  of  cathode  par- 
ticles impinged  upon  it. 
In  the  modern  tube,  the 
cathode  rays  are  brought 
to  a  focus  by  a  concave 
electrode,  as  described 
above,  and  the  Rontgen 
rays  thus  emanate  from 
the  platinum  target 
which  is  placed  in  this  focus,  Fig.  345. 

This  ncAv  radiation,  which  not  only  j^enetrates  may  opaque 
objects,  but  which  also  acts  photographicall.y,  passes  through 
the  vacuum  tube,  or  the  Crookes's  tube,  as  it  is  noAV  called,  and 
thus  may  be  detected  at  wide  distances  from  its  source.  While 
these  Rontgen,  or  X,  rays  are  perfectly  invisible,  they  have  the 


Fig.  345.      The  Inodern  Crookes's  tube,  show- 
ing the  ijroduction  of  the  X  rays. 
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power  of  ea  using  a  fluorescence  in  certain  chemical  sub- 
stances, notably  in  platinum  barium  cyanide,  and  a  screen  coated 
with  this  salt,  Avhen  exposed  to  these  rays,  becomes  luminous 
with  a  faint,  greenish-yellow  light. 

Dewar  found  that  the  relative  opacity  of  different  substances 
to  these  rays  is  approximately  proportional  to  their  atomic 
weights,  so  that  a  body  of  low  atomic  weight,  such  as  carbon,  is 
extremely  transparent  to  this  radiation,  while  bodies  of  higher 
atomic  weight,  such  as  nearly  all  the  metals,  are  far  more 
opaque.  It  is  possible,  therefore,  to  photograph  metallic  objects 
enclosed  in  a  wooden  box,  or  to  have  these  objects  cast  a  deeper 
shadoAv  upon  a  fluorescent  screen,  for  these  rays  pass  almost 
unimpeded  through  the  carbon  of  which  the  wood  is  composed, 
while  they  are  partially,  if  not  entirely,  intercepted  by  the 
denser  metal.  In  a  similar  way,  because  the  bony  structure  of 
the  body  is  denser  and  composed  more  largely  of  metallic  salts 
than  the  fleshy  portions,  the  bones  cast  a  deeper  shadow  upon  a 
photographic  plate  or  a  fluorescent  screen,  and  in  this  way  they 
may  be  examined  with  almost  as  great  facility  as  if  the  flesh 
were  not  present. 

Of  the  many  theories  that  have  been  framed  to  explain  the 
nature  of  the  X  rays,  perhaps  the  most  plausible  is  the  one  due  to 
Stokes,  which  assumes  that  the  impact  of  the  electrons  upon  any 
surface  whatever  gives  rise  to  ether  waves  of  far  higher  fre- 
quency, and  therefore  of  shorter  wave  length,  than  light,  but 
not  periodic,  since  they  have  been  produced  by  shocks,  or  im- 
pulses, rather  than  by  regular  vibrations.  Indeed,  this  stop- 
page of  the  electrons  as  they  impinge  upon  the  platinum  plate 
or  the  Avails  of  the  tube,  produces  a  sudden  change  in  the  mag- 
netic and  electric  fields  which  accompany  the  swiftly  moving, 
negatively  charged  particles,  and  therefore  ether  waves  must 
go  out  from  these  points  of  arrest  as  centers.  In  support  of 
this  theory,  Thomson  has  suggested  that  the  fluorescence  of 
the  walls  of  the  tube  and  of  many  substances  l)oml)arded  by  the 
cathode  particles  may  likewise  be  due  to  the  sudden  change  thus 
produced  in  the  electric  and  magnetic  fields  of  the  electrons. 


CHAPTER  XLV 


RADIO-ACTIVITY. 


528.  The  Discovery  and  Isolation  of  Radium.  Soon  after 
Rontgen's  discovery,  the  idea  oceured  to  Becquerel  that  there 
might  be  natural  substances  which  would  of  themselves  give 
out  a  radiation  similar  to  that  produced  by  the  cathode  rays. 
After  trying  many  kinds  of  matter,  he  found  that  metallic 
uranium,  as  well  as  the  salts  of  this  element,  after  exposure  to 
sunlight  Avould  produce  effects  not  unlike  those  caused  by  the 
X  rays.  Later  it  was  found  that  the  sunlight  played  no  part 
in  this  process,  but  that  this  result  was  due  to  an  unknown  kind 
of  radiation  which  emanated  naturally  from  uranium  and  its 
compounds. 

Further  investigation  showed  that  certain  ores  of  uranium, 
notably  pitch-blende,  produced  this  effect  even  more  energetic- 
ally than  pure  uranium ;  and  from  this  fact  the  conclusion  was 
apparent  that  these  ores  contained  traces  of  one  or  more  ele- 
ments of  still  greater  activity  than  uranium  itself.  A  long  and 
remarkable  chemical  analysis  of  a  ton  of  pitch-blende  was  then 
undertaken  by  M.  and  I\Ime.  Curie,  the  result  of  which  was 
the  isolation  of  a  few  milligrams  of  two  exceedingly  active 
•substances,  one  of  Avhieh  ]Mme.  Curie  named  polonium,  after 
Poland,  the  land  of  her  birth,  and  the  other,  two  million  times 
more  active  than  uranium,  which  she  called  radium.  This  sub- 
stance was  indeed  fortunately  named,  for  it  was  found  to  be 
continually  emitting  a  radiation  which  has  the  power  of  ionizing 
the  air,  exciting  fluorescence  in  many  substances,  and  acting 
photographically  upon  the  sensitive  plate. 

529.  Character  of  the  Radiations  from  Radium.  Prominent 
and  foremost  among  the  investigators  who  began  at  once  to 
study  this  new  i^henomenon,  Avas  Sir  Ernest  Rutherford,  to 
whom  the  world  is  mainly  indebted  for  its  kno^wledge  of  this 
subject.     By   placing  a  small  quantity  of  radium   in  a  leaden 
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block  through  ^vhieh  these  radiations  could  not  pass,  Rutherford 
was  able  to  obtain  a  beam  of  these  rays  Avhich  were  emitted 
from  an  opening  at  the  top.  AVhen  this  block  was  brought  be- 
tween the  poles  of  a  powerful  magnet,  it  was  observed  that  these 
rays  were  deflected,  thereby  showing  that  they  were  produced 
by  charged  particles  of  matter  which  the  radium  was  constantly 
throwing  out  or  expelling  from  itself.  It  was  evident,  there- 
fore, that  the  activity  of  radium  is  due  to  a  process  of  the  dis- 
integration of  this  material,  and  that  this  element  is  unceasingly 
expelling  from  itself  charged  particles,  which  either  formed  a 
part  of  its  own  mass,  or  which  entered  into  the  composition  of 
its  molecule. 

Moreover,  from  the  direction  and  the  magnitude  of  these  de- 
flections, Rutherford  concluded  that  there  were  two  very  dif- 
ferent kinds  of  matter  thus  expelled,  one,  a  positively  charged 
mass  which  he  called  the  a  particles,  having  an  atomic  weight 
of  4,  and  moving  with  a  velocity  about  1  15  that  of  light,  or 
12,000  miles  per  second,  and  the  other,   a  negatively  charged 

bodv  which  he  called  the  B  particle,  having  a  mass  that 
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of  the  hydrogen  atom,  and  moving  with  a  velocity  very  nearh- 
equal  to  that  of  light,  or  180,000  miles  per  second.  Besides 
these  two  varities  of  charged  particles,  he  found  that  there  was 
a  third  type  of  radiation  which  was  entirely  undeviated  and 
uninfluenced  by  the  magnetic  field,  and  to  this  he  gave  the  name 
of  the  y  rays. 

The  keenest  interest  was  then  aroused  as  to  the  nature  of  these 
three  radiations  emitted  by  radium.  From  the  fact  that  the 
mass  of  the  a  particle  is  4,  which  is  the  atomic  weight  of  the 
element  helium,  it  was  early  suspected  that  the  a  particle  was 
simply  a  helium  atom,  and  this  has  subsequently  been  proved 
to  be  the  case.  "When  emitted  from  radium,  it  is.  however, 
charged  positively  with  two  unit  charges,  or  twice  the  charge 
carried  by  the  hydrogen  ion,  and  from  this  it  is  apparent  that 
the  a  particle  is  a  helium  atom  tliat  has  lost  two  electrons.  Tlie 
fS  particle,  on  the  other  hand,  is  found  to  be  charged  negatively 
with  a  single  unit  charge,  that  is,  with  tbe  charge  of  a  single 
electron,  and  it  likewise  has  the  same  mass  as  well  as  tlie  same 
velocity  as  the  particles  which  we  have  found  to  constitute  the 
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cathode  rays.  Accordingly,  the  characteristics  of  the  /?  part- 
icles are  in  every  way  the  same  as  those  of  the  cathode  particles 
in  the  Crooke's  tube,  and  these  particles  are  therefore  believed 
to  be  identical  with  the  cathode  particles ;  or,  in  other  words,  the 
(3  particles  are  simply  rapidly  moving  electrons. 

This  conclusion  as  to  the  nature  of  the  13  j^artieles  renders 
simple  the  interpretation  of  the  y  rays,  which  invariably  ac- 
company the  emission  of  rapidly  moving  fS  particles,  and  which 
seem  to  be  neither  corpuscular  nor  electriiied,  but  to  have  the 
character  of  a  true  radiation.  "When  it  is  remembered  that  any 
substance  bombarded  by  cathode  rays,  or  electrons,  gives  rise 
to  X  rays,  and  w^hen  we  recall  that  the  fS  particles  have  thus 
been  shown  to  be  simply  electrons,  we  see  that  the  (3  particles, 
in  striking  against  the  walls  of  the  vessel  and  the  substance  of 
the  radium  itself,  must  therefore  give  off  X  rays;  and  accord- 
ingly the  y  rays  are  believed  to  be  identical  in  nature  with  the 
X  rays. 

530.  Radio-Activity  Due  to  Atomic  Disintegration.  From 
what  has  been  said  as  to  the  nature  of  radio-activity,  it  is  evi- 
dent that  the  processes  which  are  taking  place  in  radium,  or 
in  any  radio-active  body,  are  such  as  to  cause  a  disintegration  of 
the  substance.  It  has  been  seen  that,  as  a  and  f3  particles  are  thus 
projected,  the  radium  itself  must  continually  be  losing  in  weight. 
]\Ioreover,  Avhen  we  consider  that  the  atomic  weight  of  radium 
is  226.5,  and  that  the  mass  of  each  projected  a  particle  is  4, 

while  that  of  the  B  particle  is  only  ,  it  is  evident  that  it 

^  \  ^    1700 

is  not  molecules  of  radium  that  are  thus  being  thrown  out  from 

the  quantity  present,  Init  that  radio-activity  is  an  atomic  lyroccs.^ 
and  that  it  is  the  atom  of  radium  itself  that  is  thus  disintegrat- 
ing. The  conclusion  is  also  apparent  that  through  the  continual 
loss  of  particles  from  its  own  material,  a  quantity  of  radium  is 
constantly  becoming  less,  and  that  in  time  it  must  disappear 
altogether.  In  computing  this  time,  the  loss  of  mass  due  to  the 
expulsion  of  the  a  particles  alone  is  considered,  since  the  mass 
of  the  /3  particle  is  exceedingly  minute  in  comparison. 

By  an  extremely  ingenious  device,  whcreliy  the  numl)er  of 
particles  which  enter  a  tiny  hole  at  a  distance  from  a  quantity 
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of  radium  could  be  counted,  Rutherford  has  been  able  to  deter- 
mine that  the  number  of  a  particles  which  are  projected  from  a 
•single  gram  of  radium  in  equilibrium  with  its  products,  reaches 
the  enormous  number  of  13.6  X  10^",  or  136,000,000,000  per 
second;  and  vet,  with  this  process  continuing  uninterruptedly 
through  the  centuries,  a  gram  of  radium  would  lose  only  one- 
half  of  its  mass  after  the  lapse  of  2000  years. 

The  energy  of  the  a  particles,  as  they  are  thus  projected  from 
the  atoms  of  radium,  is  likewise  inconceiveably  great,  being  no 
less  than  six  hundred  million  times  as  great  as  the  energy  of  a 
rifle  bullet,  mass  for  mass.  So  great,  in  truth,  is  the  energy  of 
these  tiny  particles,  that  their  impact  upon  the  mass  of  the 
radium  itself  maintains  this  substance  constantly  at  a  tempera- 
ture higher  than  that  of  surrounding  objects.  Indeed,  from  the 
energy  manifested  by  the  a  particles,  it  has  been  computed  that 
a  single  gram  of  radium,  distributed  through  each  cubic  j'ard 
of  the  sun's  material,  would  fully  account  for  the  entire  amount 
of  energy  in  the  form  of  light  and  heat  which  this  luminary 
sends  out. 

531.  The  Disintegration  Products  of  Radium.  After  the 
radium  atom  has  projected  an  a  particle,  together  with  a  slowly- 
moving  |8  particle,  the  remaining  portion  ceases  to  be  radium, 
and  becomes  a  heavy  gas,  called  the  emanation.  The  emanation 
is  likewise  radio-active  and  projects  an  a  particle  from  itsi  sub- 
stance, after  which  it  becomes  once  more  a  solid  that  is  deposited 
upon  surrounding  objects,  and  is  called  radium  A.  Radium  A 
also  throws  out  an  a  particle,  and  passes  over  to  an  entirely  dif- 
ferent substance,  known  as  radium  B.  This  sulistance  then 
undergoes  a  change,  whereby  a  (3  particle  is  thrown  out  and  y 
rays  produced,  and  then  it  is  transformed  into  a  still  different 
kind  of  matter,  known  as  Radium  C.  This  element  then  loses 
an  a  and  a  (3  particle,  the  latter,  as  always,  accompanied  by  the 
y  rays,  after  which  it  becomes  a  form  of  matter,  known  as  radium 
D.  From  radium  D  is  projected  a  (3  particle  but  moving  so  slowly 
that  y  rays  are  not  produced,  and  an  entirely  different  sub- 
stance, known  as  I'adium  E,  is  the  I'csult.  Radium  E  then  loses 
a  swiftly-moving  (3  particle,  with  its  attendant  y  rays,  and  passes 
over  to  a  form  of  matter  known  as  radium  F,  whicli  is  identical 
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with  the  element  polonium,  previously  isolated  by  Mme.  Curie. 
This  substance  loses  an  a  particle  and  leaves  a  body  which  is 
not  radio-active  but  apparently  stable,  and  Avhich  may  be  called 
radium  G, 

The  successive  changes  which  thus  take  place  in  an  atom  of 
radium  and  its  resultant  products  may  be  illustrated  in  Fig. 
346.     From  this  diagram  it  will  be  observed  that  the  radium 

Radium  Em       A         B  C  D         E  F    G(Lead) 

Fig.  346.     The  disintegration  products  of  radium. 

atom,  which  has  an  atomic  weight  of  226.5,  after  losing  five  a 
particles,  each  of  which  has  an  atomic  weight  of  4,  leaves,  as  a 
residue,  radium  G,  which  is  not  radio-active,  and  which  has  an 
atomic  weight  of  206.5.  This,  however,  is  the  atomic  weight 
of  lead ;  and  it  is  therefore  believed  that  what  we  call  common 
lead  is  the  final  disintegration  product  of  radium.  Further- 
more there  is  evidence  to  show  that  radium  itself,  in  all  proba- 
bility, is  a  descendant  of  the  element  uranium,  three  generations 
of  radium  products  having  intervened  between  the  tw^o. 

532.  The  Transmutation  of  the  Elements.  In  order  to  test 
experimentally  the  conclusion  that  the  a  particle  is  really  the 
helium  atom,  as  seemed  probable  from  its  atomic  weight,  Sir 
William  Ramsay  enclosed  in  a  glass  tube  a  quantity  of  the 
emanation  of  radium  and  observed  its  spectrum.  In  a  trifle 
less  than  four  days,  which  is  the  period  of  the  transformation 
of  this  gas,  and  during  which  the  a  particles  wliieh  escaped  from 
the  emanation  had  collected  in  large  numbers  in  the  tube,  he 
examined  its  spectrum  again,  and  found,  indeed,  that  the 
spectrum  of  radium  emanation  had  changed  completely  to  that 
of  helium,  showing  conclusively  that  the  a  particle  is  nothing 
else  than  the  positively  charged  helium  atom. 

It  is  thus  demonstrated  that,  by  losing  a  portion  of  itself,  an 
atom  of  matter  can  pass  into  the  form  of  another  substance,  and 
the  theory  of  the  transmutation  of  the  elements  may  therefore 
be  regarded  as  an  established  fact.    Moreover,  since  all  elements 
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and  all  substances  arc  found  to  be  in  a  greater  or  less  degree 
radio-active,  it  is  possible  that  all  known  substances  are  slowly 
changing?  into  substances  of  a  different  natu re . 

533.  The  Possible  Structure  of  the  Atom.  In  order  to  ac- 
count for  tlie  various  phenomena  of  radio-activity,  and  to  offer 
an  explanation  of  the  enormous  store  of  energy  resident  within 
an  atom,  Thomson  has  conceived  of  an  atomic  structure  which. 
in  part  at  least,  serves  to  interpret  the  facts  deduced  from  ob- 
servation and  experiment.  According  to  his  original  view,  an 
atom  consists  of  a  number  of  electrons  revolving  in  a  medium 
of  "positive  electrification,"  the  number  of  the  electrons 
being  probably  three  times  as  great  as  the  atomic  weight 
of  the  element.  These  electrons  w^ere  conceived  to  revolve 
in  orbits,  the  number  of  electrons  in  each  orbit  being  pro- 
portional to  the  distance  of  the  orbit  from  the  center  of  the 
atom,  while  the  orbits  themselves  were  arranged  in  concentric 
rings,  and  perhaps  in  parallel  planes.  When  the  electrons  are 
displaced  for  any  reason,  they  vibrate  back  and  forth,  about 
their  j^ositions  of  equilibrium,  thereby  sending  out  electromag- 
netic waves,  to  which  the  phenomenon  of  radiation  is  believed  to 
be  due.  The  stability  of  an  atom  depends  upon  the  number  of 
electrons  in  the  various  concentric  rings,  an  extremely  stable 
system  being  able  to  take  on  one  more  electron,  Avhile  an  un- 
stable ring  is  liable  to  lose  one.  This  difference  in  the  stability 
of  the  rings  may  be  supposed  to  account  for  the  various  de- 
grees of  activity  of  the  different  chemical  elements. 

This  view  was  later  modified  by  assuming  that  the  atom  consists 
of  a  complex  structure  of  positively  and  negativelj^  charged  parti- 
cles revolving  with  enormous  velocities  within  the  atom,  and  held 
in  equilibrium  by  their  mutual  attractions.  From  the  scattering 
of  the  a  particles,  produced  when  these  particles  pass  through 
the  atoms  of  matter,  Rutherford,  however,  has  concluded  that 
the  atom  consists  of  a  concentrated  central  positive  charge, 
about  W'hich  the  electrons  revolve  in  orbits,  as  the  planets  re- 
volve about  the  sun.  The  positive  central  nucleus,  to  which  the 
larger  part  of  the  mass  of  the  atom  is  due,  isi  thought  to  consist 
of  a  group  of  positively  cliarged  helium  atoms,  or  possibly  of 
hydrogen  and  helium  atoms,  each  lielium  atom  liaving  lost  two 


650  RADIO-ACTIVITY. 

electrons,  and  therefore  charged  positively  with  a  double  ionic 
charge.  The  positively  charged  helium  atoms  at  the  center  and 
the  negatively  charged  electrons  revolving  about  them  must 
form  a  system  that  is  electrically  neutral,  and  normally  held  in 
equilibrium  by  the  mutual  attraction  of  these  oppositely  charged 
particles. 

Possibly  because  of  the  loss  of  energy  produced  by  the  radia- 
tion which  is  constantly  taking  place  from  the  atom,  or  for  some 
other  reason  which  at  present  is  not  understood,  the  central  sys- 
tem becomes  unstable,  and  a  helium  atom  escapes.  As  it  leaves 
this  system,  it  must  acquire  a  large  part  of  its  energy  in  moving 
through  the  intense  field  produced  by  the  positively  charged 
nucleus.  This  escape  of  an  a  particle  must  alter  the  system  of 
forces  holding  the  electrons  in  equilibrium,  so  that  ultimately 
the  electrons  in  a  particular  orbit  become  unstable,  and  one  of 
their  number  escapes  as  a  /?  particle.  It  is  possible  that  the 
velocity  of  this  particle  in  its  orbit  is  decreased  as  it  leaves  the 
atom,  due  to  the  attraction  exerted  by  the  strong  central  field. 

If  this  theory  is  correct,  the  enormous  energy  which  the  a  and 
the  f3  particles  manifest  at  the  time  of  their  escape  from  the 
atom  must  be  obtained  from  the  energy",  either  potential  or  kin- 
etic, which  these  particles  possessed  within  the  atom  before 
being  expelled.  Moreover,  it  is  evident  not  only  that  the  elec- 
trons are  a  component  part  of  the  atoms  of  all  kinds  of  matter, 
but  also  that  the  atoms  of  helium,  and  probably  also  the  atoms 
of  hydrogen  as  well,  are  the  elementary  substances  out  of  wdiich 
the  atoms  of  other  elements  are  built  up. 

We  may  therefore  possibly  form  the  conception  of  an  atom  of 
radium  by  imagining  this  atom  to  be  a  particle  of  this  substance 
no  larger  than  the  one  thousand  million  millionth  of  the  point 
of  the  finest  cambric  needle.  At  the  center  of  this  atom  is  a 
complex  structure  of  positively  charged  helium  atoms,  which  are 
themselves  in  rapid  rotation  according  to  definite  laws,  and 
around  this  central  nucleus  is  a  swarm  of  electrons  each  about 
as  large,  in  comparison  with  the  size  of  the  atom,  as  a  grain 
of  sand  is  to  a  church,  all  revolving  in  tiny  orbits  at  the  rate  of 
one  hundred  and  eighty  thousand  miles  in  a  second  of  time,  and 
making  five  hundred  million  million  revolutions  per  second. 
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534.  Vibrations.  Sound  may  be  regarded  either  as  a  sub- 
jective mental  impression  or  as  an  objective  material  occurrence. 
The  subjective  consideration  deals  with  the  construction  and 
arrangement  of  the  parts  of  the  ear,  and  with  the  processes  by 
whicli  a  vibration  after  reaching  this  organ  is  conveyed  to  the 
brain,  tliereby  producing  the  sensation  of  sound.  The  objective 
treatment  inquires  as  to  the  conditions  of  the  sounding  body  as 
well  as  to  the  motions  which  are  there  taking  place,  and  in- 
vestigates the  nature  and  characteristics  of  the  aerial  vibrations, 
by  means  of  whicli  a  disturbance  is  transmitted  to  the  ear.  It 
is  mainly  when  sound  is  considered  in  this  latter  or  objective 
sense,  that  is,  when  it  is  regarded  as  a  purely  physical  plien- 
omenon,  that  we  shall  undertake  the  study  of  this  subject. 

The  first  important  observation  to  be  made  in  the  science  of 
acoustics  is  the  fact  that  everj^  sounding  body  is  in  a  state  of 
vibration.  It  is  the  vibration  of  the  ])ody  that  sets  in  vibration  the 
surrounding  air,  and  these  latter  vibrations  are  propagated  from 
particle  to  particle  through  the  air  until  they  strike  the  ear. 
That  the  air,  in  truth,  is  the  medium  by  which,  in  general,  the 
vibrations  of  a  sounding  body  are  transmitted  to  the  ear  may  be 
sliown  by  placing  a  bell  under  the  receiver  of  an  air  pump.  At 
first  the  bell  sounds  loudly ;  but  as  the  exliaustion  of  the  air 
progresses,  the  sound  becomes  fainter  and  fainter,  until  at  last 
it  is  hardly  perceptible.  No  sound  whatever  can  travel  through 
a  perfect  vacuum. 

Illustrations  of  the  fact  that  a  sounding  body  is  itself  in  vibra- 
tion abound  on  every  hand.     Tlie  prongs  of  a  tuning  fork  are 
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observed  to  be  in  rapid  motion  whenever  it  emits  a  note.     In- 
deed, the  fork  can  be  made  to  give  forth  a  sound  only  when  a 
force,  such  as  a  blow  or  a  rosined  bow,  acts  upon 
the  prongs  to  distort  them,  after  which  the  great 
elasticity  of  the  steel  causes  the  vibration  to  be 
maintained  for  some  time.    A  little  ball  hung  by  a 
thread  against  one  of  the  vibrating  prongs.  Fig. 
347,  will  be  violently  driven  away  by  the  blows.  A 
stretched  string  becomes  a  source  of  sound  Avhen  it 
has  been  drawn  to  one  side  and  released,  so  that 
the  string  is  thrown  into  a  state  of  vibration.     If 
Fig  347  \  vi-     ^  little  paper  rider  is  placed  upon  the  string,  it 
i.rating  tun-     -will  fcg  throwu  off  at  ouce  whenever  the  string  is 

ing   fork.  _  _  ^ 

SDunded,  showing  that  the   reproduction  of  sound 
depends  primarily  upon  the  vibration  of  the  sounding  body. 

A  simple  experiment  illustrates  the  important  fact,  which 
must  constantly  be  borne  in  mind,  that  the  sounding  body  itself 
is  a  source  of  energy.  As  a  tuning  fork  is  made  to  vibrate 
in  the  air,  the  prongs  have  only  the  air  to  set  in  motion,  hence 
the  sound  persists  for  some  time.  If,  however,  the  prongs  are 
dipped  beneath  the  surface  of  water,  the  latter  will  be  spattered 
out  in  numberless  small  drops,  and  the  sound  produced  by  the 
fork  quickly  ceases.  The  greater  mass  and  the  consequently 
greater  inertia  of  the  water  causes  an  amount  of  work  to  be 
done  in  moving  this  medium  greater  than  that  performed  than 
in  setting  in  motion  the  lighter  air,  hence  the  energy  represented 
by  the  vibrating  fork  is  more  rapidly  exhausted,  and  the  fork 
comes  more  quickly  to  rest. 

535.     The  Vibrations  Take  Place  w^ith   Harmonic  Motion. 

When  a  body  is  distorted,  elastic  forces  are  instantly  called  into 
play,  and  the  force  of  restitution  (p.  114)  tends  to  make  the  de- 
formed body  resume  its  original  condition.  A  study  of  the  laws 
of  elasticity  develops  the  fact  that  the  force  producing  the  dis- 
tortion, and  therefore  also  the  force  of  restitution,  is  directly 
proportional  to  the  amount  of  distortion,  or  to  the  displacement. 
Accordingly,  we  have  a  body  movirg  under  the  action  cf  a 
force  which  varies  directly  as  the  displacement,  and  this,  as  we 
have  learned   (p.  71),  is  the  characteristic  of  harmonic  motion. 
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Every  particle  of  a  sounding  body,  therefore,  vibrates  Ijack  and 
fortJi  in  its  own  little  path  with  harmonic  motion.  AVhen  the 
elastic  body  is  distorted  and  the  distorting  force  is  removed,  the 
force  of  restitution  tends  to  restore  the  body  to  its  original  unde- 
formed  state.  The  inertia  of  the  particles  of  the  body,  however, 
causes  them  to  swing  past  their  state  of  equilibrium  until  they 
are  distorted  in  the  opposite  direction,  from  which  it  follows 
that  the  same  phenomenon  takes  place  with  each  particle  of  a 
sounding  body  that  takes  place  in  the  swinging  of  a  pendulum. 

It  is  a  simple  and  beautiful  experiment  to  show  that  the 
prongs  of  a  tuning  fork,  for  instance,  really  do  vibrate  with 
harmonic  motion;  If  one  of  the  prongs  is  provided  with  a  stylus, 
and  the  fork  then  set  in  vibration,  the  stylus  will  trace  a  wavy 
line  as  it  is  drawn  uniformly  over  a  piece  of  smoked  glass.  This 
wavy  line  is  at  once  recognized  as  the  curve  of  sines,  or  the 
harmonic  curve,  which  we  shall  see  later  can  be  produced  only 
by  the  combination  of  uniform  motion  and  harmonic  motion,  the 
two  motions  taking  place  at  right  angles  to  each  other.  From 
this^  it  follows  that,  if  the  fork  is  drawn  along  with  •  uniform 
motion  and  the  resulting  curve  is  the  harmonic  curve,  the.motion 
of  the  stylus,  and  therefore  tliat  of  the  prong,  must  be  harmonic. 

536.  The  Manometric  Flame.  When  an  organ  pipe  is 
sounded,  it  may  be  shown  that  the  entire  column  of  air  is  thrown 
into  vibration,  the  movements  being  parallel  to  the  length  of  the 
pipe.  If  a  sheet  of  paper  is  placed  over  the  top  of  an  open  pipe, 
the  vibrations  of  the  air  cause  a-fluttering  of  the  paper.  More- 
over, if  a  piece  of  paper,  held  in  a  horizontal  position  by  strings, 
is  sprinkled  with  sand  and  lowered  into  the  interior  of  "the  pipe^ 
the  rattling  of  the  sand  upon  the  paper  shows  lliat  the  latter  is 
thrown  into  violent  vibrations. 

Far  better  than  the  above  method  of  studying  tlie  vibrations 
of  an  air  column,  is  the  device  known  as  the  manometric  flame. 
Over  a  hole  in  the  side  of  the  tube  containing  the  vibrat- 
ing column  of  air,  is  stretched  a  thin  rubber  diaphragm,  which, 
m  turn,  is  covered  by  a  little  circular  box,  Fig.  348.  Only 
the  rubber  diaphragm,  therefore,  separates  the  interior  of  the 
tube  from  tlie  cavity  of  the  little  box,  or  capsule.  Two  tubes 
nro  inserted  in  this  box.  through  one  of  wliieli  illuminating  gas 
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as 


Fig.  348.  The 
manometric 
capsule. 


enters  this  cavity,  while  from  the  other  it  es- 
capes and  may  be  lighted  as  a  little  jet.  When 
the  air  within  the  tube  or  organ  pipe  is  at  rest, 
the  rubber  diaphragm  is  not  in  any  way  dis- 
tended, and  the  little  jet  of  gas  bums  quietly. 
As  soon,  however,  as  the  air  within  the  tube  is 
made  to  vibrate,  the  rubber  diaphragm  also  is 
thrown  into  vibration  so  that  it  swings  back  and 
forth,  alternately  compressing  and  rarefying  the 
gas  in  the  interior  of  the  capsule.  This  varia- 
tion in  the  pressure  of  the  gas  in  this  mano- 
metric capsule  causes  the  little  flame  to  flicker, 
burning  higher  when  the  gas  within  the  capsule  is  compressed 
and  lower  when  it  is  rarefied. 

Since  the  vibrations  of  the  flame  take  place  with  great 
rapidity,  the  eye  cannot  follow  them  directly;  but  by  carrying 
the  head  rapidly  from  side  to  side,  the  observer  will  perceive  a 
succession  of  images  of  the  flame,  as  these  are  formed  in  differ- 
ent positions  upon  the  retina.  The  same  effect  may  be  accom- 
jDlished  by  using  a  revolving  mirror,  which,  as  it  turns,  sliows 
tlie  image  of  the  flame  in  different  positions.  If  the  flame  is 
steady,  its  image  will  simply  be  drawn  out  into  a  broad  band 
of  light,  and  this  will  be  observed  in  the  mirror ;  but  if  it  vi- 
brates,   these    successive    images   will   be    alternately   long    and 

sliort,  so  that  the  vibrating  flame, 
as  seen  in  the  mirror,  is  serrated, 
Fig.  349,  resembling  saw-teeth. 
The  small  inertia  of  the  rubber 
membrane  causes  it  faithfully  to 
follow  the  vibrations  of  the  air 
column  upon  which  it  is  placed,  so 
that  this  has  proved  to  be  one  of 
the  most  valuable  methods  for  studying  aerial  vibrations. 

537.  The  Phonograph.  The  i)honograph,  as  devised  by  Edi- 
son, is  a  beautiful  illustration  of  the  principle  that  a  sounding 
body  is  in  a  state  of  vibration.  It  demonstrates,  also,  the  fact 
that  when  a  body  is  thrown  into  suitable  vibrations,  a  sound  will 
be  produced.   This  instrument  consists  in  its  essential  features  of 


Fig.  349.     The  manometric  flame, 
as  seen  in  a  revolving  mirror. 
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a  diaphragm,  not  unlike  that  of  a  telephone,  but  provided  with 
a  little  stylus,  hnmediately  beneath  this  stylus  a  wax  cylinder 
turns  Avith  great  uniformity  of  speed,  and  moves  slowly  along 
in  the  direction  of  its  length,  being  thus  carried  by  a  very  fine 
screw.  The  instrument  is  so  adjusted  that  the  stylus  just 
touches  the  cylinder  as  the  latter  turns,  thereby  making  a  very 
faint  spiral  line  upon  the  wax  surface.  If  the  diaphragm  ad- 
vances, the  stylus  also  advances,  and 
makes  a  deeper  indentation  in  the  wax ; 
and  conversely,  if  the  diapragm  re- 
cedes, the  stylus  likeswise  recedes  and 
makes  a  shallower  impression.  Accord- 
ingly, when  speech  is  uttered  before 
the  instrument,  the  vibrations  of  the 
air  throw  the  diaphragm  into  a  series 
of  vibrations  similar  to  those  of  the  air 
which  produce  the  sound,  and  these  ^''^pSgrSh  oHnder  ^ 
vibrations  are  thus  recorded  as  so 
many  indentations  in  the  surface  of  the  wax,  Fig.  350. 

If  the  cylinder  is  now  turned  back  to  the  starting  j^oint,  and 
the  little  stylus  replaced  by  a  tiny  sapphire  ball,  this  minute 
sphere  will  be  moved  in  and  out  as  the  indentations  in  the  waxed 
cylinder  are  carried  along  under  it.  The  movements  of  this 
little  ball  are  communicated  to  the  diaphragm,  and  this  is  there- 
fore caused  again  to  execute  vibrations  in  every  Avay  precisely 
similar  to  those  which  it  originally  made  when  the  sound  was 
produced  before  it.  Accordingly,  whatever  words  Avere  spoken 
before  the  diaphram  when  the  record  was  made  upon  the  wax, 
will  noAv  be  reproduced  when  the  little  sapphire  ball  moves  over 
this  record,  since  the  vibrations  of  the  diaphragm  are  the  same 
in  both  cases. 

538.  The  Production  of  Wave  Motion.  "When  the  particles 
of  a  vibrating  body  move  back  and  forth,  they  must  necessarily 
set  in  motion  the  particles  of  the  medium  in  which  the  body  is 
placed.  The  particles  of  the  medium,  therefore,  are  thrown 
into  vibrations  which  are  similar  in  eveiy  way  to  those  Avhich 
the  body  itself  executes.  If,  then,  the  medium  in  which  the 
vibrating  body  is  placed  is  elastic,  its  particles,  when  moved, 


656 


WAVE  MOTION. 


tend  to  displace  others,  and  these  still  others,  and  so  on,  and 
hence  a  disturbance  which  is  started  in  an  elastic  medium  travels 
forward  in  that  medium.  IMoreover,  if  the  original  vibrating 
body  executes  regular  vibrations,  this  motion  is  communicated 
to  each  particle  of  the  medium  in  which  the  iDocly  is  placed, 
and  hence,  after  the  lapse  of  a  certain  time,  each  particle  of 
the  medium  executes  regidar  vibrations  similar  in  eyerj  way  to 
those  of  the  body.  This  communication  of  the  disturbance  from 
particle  to  particle  throughout  the  medium  is  called  the  propa- 
gation of  the  disturbance.  A  careful  study  must  be  made  of 
the  means  by  which  this  disturbance  is  propagated. 

539.  Progressive  Motion  of  the  Wave.  We  will,  accord- 
ingly, assume  that  we  have  an  elastic  medium,  one  particle  of 
which  is  forced  to  execute  regular  vibrations  with  harmonic 
motion.  We  will  also  assume  that  this  vibrating  particle  is  the 
one  marked  1,  Fig.  351,  and  that  it  is  forced  to  execute  harmonic 
motion  in  the  vertical  direction.  If,  for  the  sake  of  convenience, 
we  imagine  the  period  of  the  vibration  to  be  divided  into  twelve 
equal  intervals,  we  can  locate  the  position  of  this  particle  at 
intervals  of  1/12  of  a  complete  vibration.  Starting  then  from 
0  as  the  position  of  equilibrium,  the  vibrating  particle  occupies 
successively  the  positions.  A,  B,  C,  B,  A,  0,  -A,  -B,  -C,  -B,  -A,  0 
at  intervals  of  1/12  of  a  vibration.  We  will  further  assume 
that  the  particles  of  the  medium  which  are  about  to  be  dis- 
turbed may  be  represented  by  the  horizontal  row  of  numbered 
black  dots,  and  that  each  of  these  dots  is  bound  to 
its  neighbor  by  a  perfectly  elastic  medium.  Moreover,  these 
particles  are  to  be  considered  as  being  so  close  together  that 
their  movements  take  place  parallel  to  one  another.    The  letters 

A,  B,  C,  etc.,  repre- 

Q ...        sent,   therefore,   not 

B y^  '  ^\    •     •        only  the  various  po- 

A X  .     .     .  \     .        sitions  of  particle  1. 

12     3     4      5     6     /  8     9    ID    11    As         ^'"^^   ^^''°   ^^^®   '''^^''''''^- 
^\ ¥•••••  g-^,^  positions  which 

_      \      ^     ^  /  each    of    the     other 

\.  /  particles  occupies  as 

_qI     ',    N~-I_-^    I     I     I     I     I     I     I     I        it  is  compelled  also 

to      execute      vibra- 

Fio.    .3r)l.     The   propagation    of   a   transverse   wave.        tioilS  in  the  Vertical 

direction. 
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Accordingly,  when  particle  1  moves  to  the  position  ^1,  the 
medium  between  1  and  2  is  distended,  the  inertia  of  2  is  being 
overcome,  and  2  is  about  to  move  upward.  When  1  reaches  the 
position  B,  2  has  reached  the  position  A,  the  medium  between 
2  and  3  is  stretched,  and  3  is  about  to  move  upward.  When  1 
reaches  the  position  C,  2  has  reached  the  position  B,  3  has 
reached  the  position  A,  and  4  is  about  to  move.  Particle  1,  now 
having  reached  its  maximum  displacement,  moves  back  towards 
its  position  of  equilibrium,  reaching  B  just  as  2  reaches  ''C,  3 
reaches  B,  4  reaches  A,  and  5  is  about  to  start.  AVhen  1  reaches 
A,  2  has  arrived  at  B  on  its  backward  path,  3  has  attained  its 
greatest  elongation  at  C,  4  has  reached  B,  5  has  come  to  the 
position  A,  and  6  is  about  to  start.  In  the  same  way,  1  comes 
to  0  when  7  is  just  about  to  start,  to  -A  when  8  is  about  to  move, 
to  -B  when  9  is  upon  the  point  of  moving,  and  to  -C  when  10 
is  beginning  to  move.  1,  having  reached  its  maximum  negative 
elongation,  now  moves  back  to  -B  just  as  2  reaches  its  maximum 
negative  elongation  at  -C,  3  reaches  -B,  etc.,  and  11  is  about  to 
move.  So,  also,  when  1  comes  back  to  -A,  12  is  about  to  move, 
and  when  1  reaches  O,  having  completed  one  whole  vibration, 
the  disturbance  has  just  reached  13,  and  this  particle  is  now 
about  to  move. 

The  continuous  line  drawn  through  the  positions  which  the 
various  particles  occupy  at  any  instnnt,  gives  a  curve  which  is 
called  a  wave,  or  the  cu^rve  of  sines,  or  the  harmonic  curve. 
Since  at  any  instant  the  disturbance  among  the  particles  of  the 
medium  exists  in  the  form  of  a  wave,  the  motion  of  this  dis- 
turbance through  the  medium  is  called  wave  motion.  Accord- 
ingly, while  the  wave  has  a  forward  movement,  the  particles 
themselves  move  simply  up  and  down,  so  that  it  is  the  wave 
motion  alone  that  is  propagated  through  the  medium. 

540.  The  Wave  Length — Transverse  Waves.  By  following 
out  in  detail  this  process  as  here  given,  it  is  seen  that  each 
particle  moves  only  after  the  particle  immediately  before  it  has 
moved,  and  that  each  particle  is  executing  a  vibration  precisely 
similar  to  the  one  immediately  preceding  it.  We  can,  therefore, 
establish  the  general  rule  that  when  a  vibration  occurs  in  an 
elastic  medium,  every  particle  of  that  medium  is  thrown  into  a 
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vibration  j^recisely  similar  to  that  of  the  first  particle,  but  that 
the  vibration  of  each  particle  occurs  a  little  later  than  that  of 
the  one  immediately  preceding.  Thus,  by  referring  again  to 
Fig.  351,  we  see  that  each  particle  of  the  medium  between  1 
and  13  is  executing  harmonic  motion  precisely  similar  in  period 
and  amplitude  to  the  first  particle,  but  that  it  is  in  a  different 
pJiase  O'f  vibration  (p.  59)  from  every  other  particle,  2  being 
1/12  behind  1,  3  being  1/12  behind  2  and  1/6  behind  1,  and  so 
on.  From  this  it  follows  that  Avhile  every  particle  of  the  meciium 
•vibrates,  it  vibrates  snccessivehj,  being  moved  by  the  particle 
immediately  before  it,  and  moving,  in  turn,  the  particle  imme- 
-diately  behind  it.  The  disturbance,  therefore,  does  not  travel 
instantaneously,  but  progress  with  a  definite  velocity  which 
depends  upon  the  elasticity  of  the  medium  and  upon  the  inertia 
of  its  particles,  that  is,  upon  the  density.  Accordingly,  the  dis- 
turbance has  travelled  a  perfectly  definite  distance  along  the 
medium  during  the  time  of  one  complete  vibration  of  the  first 
particle,  and  this  distance  is  known  as  the  wave  length.  .1 
ivave  length,  therefore,  is  the  clistanoe  ivhich  the  disturbance 
has  travelled  during  the  time  of  one  complete  vibration  of  the 
first  particle.  This  distance  is  usually  denoted  by  the  Greek 
letter  A  (lambda). 

But  particle  1,  after  completing  its  first  vibration,  is  about 
to  move  upward  again,  thus  beginning  its  second.  As  regards 
its  state  of  motion,  therefore,  it  is  in  precisely  the  condition  of 
13,  for  this  particle  also  is  about  to  move  upward,  thus  begin- 
ning its  first  vibration.  1  and  13  are,  then,  in  exactly  the  same 
phase  of  motion,  1  having  completed  one  entire  vibration  and 
being  now  about  to  begin  the  second,  and  13  having  until  this 
this  moment  remained  at  rest,  and  being  now  about  to  begin  its 
first  vibration.  As  we  have  seen  above,  however,  1  and  13  are 
a  wave  length  apart.  A  icave  length,  therefore,  may  be  defined 
as  the  distance  between  two  consecutive  particles  which  are 
■  executing  similar  vibrations  at  the  same  time,  or  as  the  distance 
'between  two  consecutive  particles  whicli  are  in  the  same  phase 
iOf  vibration. 

A  wave,  such  as  the  one  here  described,  in  which  the  direction 
of  propagation  is  at  right  angles  to  the  direction  of  vibration 
of  the  particles,  is  called  a  transverse  Avave.     The  amplitude  of 
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the  vi])ratioii  is  the  greatest  distance  which  the  vibrating  par- 
ticle attains  from  the  position  of  equilibrium,  that  is,  it  is  the 
maximum  displacement.  The  amplitude  of  the  wave,  therefore, 
is  the  same  as  the  amplitude  of  the  vibration.  Inasmuch  as  the 
period  of  a  vibrating  particle  is  independent  of  the  amplitude 
(p.  75),  the  wave  length  of  tli&  disturbance  in  anji  medium  is 
also  independent  of  the  amplitude. 

541.  Equation  of  the  Haxmonic  Curve.  The  results  which 
we  have  here  obtained  graphically  ma}^  also  be  derived  algebra- 
ically. In  expressing  this  relation,  we  must  remember  that  the 
harmonic  curve  is  a  resultant  motion,  produced  by  harmonic 
motion  taking  place  in  the  vertical  direction  and  uniform  mo- 
tion in  the  horizontal  direction.  "We  may  think  of  this  curve, 
therefore,  as  being  traced  by  the  particle  moving  to  the  right 
with  uniform  motion  while  at  the  same  time  it  is  vibrating  ver- 
tically with  harmonic  motion.  The  vertical  distances,  accord- 
ingly, represent  the  various  displacements  of  the  particle  vi- 
brating with  harmonic  motion,  while  the  horizontal  distances 
represent  the  distances  which  the  wave  has  travelled  with  its 
uniform  velocity  of  propagation.  We  have  seen  (p.  62)  that 
the  expression  for  the  displacement  a:  of  a  particle  moving  with 
liarmonic  motion  is 

.r  =  A   COS  -— , 

where  A  is  the  amplitude.  T  the  period,  and  t  the  time  which 
has  elapsed  since  the  particle  left  its  position  of  equilibrium. 

In  the  present  instance,  however,  the  displacement  is  in  the 
y,  or  vertical,  direction ;  hence  the  equation  for  the  motion  of  a 
particle  moving  witli  harmonic  motion  in  the  vertical  direction 
is 

y  =  A  sm  -— -. 

The  wave  moves  foi-ward  with  the  velocity  c  in  the  horizontal, 
or  X,  direction,  and  therefore  in  the  time  /  it  has  progressed  with 
uniform  motion  the  distance 
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X  =  vt. 
Eliminating  t  between  these  two  expressions, 

y=  A  sin—^. 

But  V  is  the  velocity  with  which  the  motion  advances  through 
the  medium,  that  is,  it  is  the  distance  which  the  disturbance 
travels  in  one  second,  and  T  is  the  period,  or  the  time  of  one 
complete  vibration  of  the  particle.  Accordingly,  vT  is  the  dis- 
tance which  the  disturbance  has  travelled  during  one  vibration 
of  the  first  particle,  and  this  distance,  therefore,  is  the  wave 
length.    Letting  A  represent  the  wave  length,  we  have 

A  =  vT, 

and  the  equation  of  the  harmonic  curve  becomes 


y  =  A  sin  ^ 


Since  the  value  of  y  depends  upon  the  sine  of  an  angle,  it  is 
evident  that  2/  is  a  periodic  function,  or,  in  other  words,  that 
the  values  of  y  recur  periodically .  Moreover,  as  the  only  vari- 
able in  this  expression  is  x,  which  represents  the  distance  the 
wave  has  travelled,  it  follows  that  by  giving  to  x  different  values, 
that  is,  by  assuming  different  distances  in  the  horizontal  direc- 
tion, we  shall  obtain  different  values  for  y,  or  the  height  of  the 
corresponding  point  of  the  curve  above  or  below  the  horizontal 
axis.    "When 


X—      0, 

y  —  0 

^  =  14  A, 

y  =  A 

X  =.  1/2  A, 

y  =  0 

x  =  %X, 

y  —  -A 

x=       A 

y  =  o. 

By  plotting  these  values  of  x  and  y,  the  harmonic  curve  is  ob- 
tained as  before. 
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542.  Longitudinal  Waves.  There  is,  however,  a  form  of 
wave  motion  which  differs  from  the  one  just  described,  in  that 
the  direction  in  which  the  wave  is  propagated  lies  in  the  direc- 
tion in  Avhich  the  vibrations  of  the  particles  occur.  Thus,  as 
before,  we  can  imagine  the  particles  of  the  elastic  medium  to  be 
represented  by  the  row  of  black  dots,  Fig.  352,  these  being  equi- 


Fig.  352.     A  loDgitudinal  wave  consists  of  condensations  and  wave  factions. 

distant  when  the  medium  is  undisturbed.  If  we  now  imagine 
the  first  particle  to  be  displaced  to  the  right,  the  medium  be- 
tween the  first  and  second  is  compressed,  and  as  this  tends  to 
regain  its  original  condition,  it  pushes  the  second  particle  also  to 
the  right.  This,  in  turn,  compresses  the  medium  between  the 
second  and  third,  so  that  the  third  particle  moves  likewise  to 
the  right,  compressing  the  medium  between  the  third  and  fourth, 
and  crowding  the  fourth  particle  to  the  right.  A  disturbance 
of  the  nature  of  a  compression,  therefore,  travels  along  the 
medium,  each  particle  being  compressed  by  the  particle  imme- 
diately preceding,  and  compressing  in  its  turn  the  particle  im- 
mediately following.  Thus  a  condensation  is  propagated 
throughout  the  medium,  the  particles  suffering  compression 
successively. 

But  we  have  assumed  that  we  are  dealing  with  an  elastic 
medium,  so  that  the  first  particle,  after  it  has  been  displaced, 
vibrates  back  and  forth  with  harmonic  motion.  Having,  there- 
fore, reached  its  maximum  displacement  to  the  right,  this  par- 
ticle starts  to  move  backwards  towards  its  position  of  equili- 
brium, but  in  so  doing  it  acquires  a  velocity  which  carries  it 
through  this  point  to  an  equal  displacement  in  the  opposite  di- 
rection, in  this  case  to  the  left.  Accordingly,  as  the  first  par- 
ticle begins  to  move  backward,  the  elastic  medium  between  the 
first  and  second  particles  is  distended,  and  as  the  first  particle 
swings  through  its  position  of  equilibrium  with  its  maximum 
velocity,  the  medium  ])etween  the  first  two  particles  is  so  widened 
that  the  distance  between  these  particles  is  greater  than  that 
between  them  when  the   medium   is   undisturbed.     This  is    ex-  • 
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pressed  by  saying  that  a  rarefaction  exists  between  these  par- 
ticles. This  distended,  or  stretched,  medium,  produced  by  the 
first  particle  moving  to  the  left,  acts  upon  the  second  particle, 
moving  it  likewise  to  the  left,  and  distending  the  medium  be- 
tween the  second  and  third  particles.  The  third,  as  it  moves 
to  the  left,  stretches  the  medium  connecting  it  to  the  fourth 
particle,  causing  this,  in  its  turn,  also  to  move  backward,  and 
so  on.  Therefore,  a  motion  backward  is  communicated  from 
particle  to  particle,  so  that  each  particle  in  succession  moves 
to  the  left,  producing  a  wave  of  rarefaction  -which  is  propagated 
to  the  right  through  the  medium.. 

When  the  first  particle  has  reached  its  maximum  elongation 
to  the  left,  it  at  once  begins  its  movement  again  to  the  right, 
thus  starting  a  second  wave  of  compression  along  the  medium. 
The  first  eomi^ression  or  condensation  reaches  a  perfectly 
definite  distance  when  the  second  condensation  starts,  that  is, 
it  travels  a  perfectly  definite  distance  during  the  time  of  one 
complete  vibration  of  the  first  particle.  This  distance,  there- 
fore, is  a  wave  length,  and  depends  upon  the  voluminal  elas- 
ticity of  the  medium  and  also  upon  the  mass,  that  is,  upon  the 
density  of  the  particles.  Between  these  two  particles,  Avhich 
thus  mark  the  wave  length,  there  are  particles  in  every  phase 
of  vibration,  and  therefore,  as  before,  the  second  definition  of 
wave  length  applies  also  here :  namely,  the  ivuve  length  is  the 
distance  between  two  consecutive  particles  in  the  same  pJiase 
of  vibration. 

This  form  of  vibration  is  known  as  a  longitudinal  vibration, 
and  the  wave  which  is  thus  produced,  consisting  of  a  condensa- 
tion followed  by  a  rarefaction,  is  known  as  a  longitudinal  wave. 
A  longitudinal  w^ave,  therefore,  is  a  wave  in  which  the  direction 
of  propagation  is  parallel' to  the  direction  of  motion  of  the  par- 
ticles. In  longitudinal  waves,  as  in  transverse  waves,  the  wave 
length  is  independent  of  the  amplitude  of  the  vibrating  particles. 

In  a  transverse  wave  the  medium  is  thro\\Ti  into  a  series  of 
crests  and  troughs,  the  distance  from  crest  to  crest  or  from 
trough  to  trough  being  a  wave  length.  In  a  Imigitudinal  wave, 
the  medium  is  divided  into  condensations  and  rarefactions,  the 
distance  from  condensation  to  condensation  or  from  rarefaction 
to  rarefaction  being  a  wave  length.     Whether  the  wave  which 
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is  propagated  from  a  disturbance  in  a  medium  is  a  transverse 
or  a  longitudinal  wave  depends  upon  the  nature  of  the  elasticity 
of  the  medium.  //  ilie  medium  lias  elasticity  of  volume  hut  not 
of  form,  as  is  the  case  with  liquids  or  gases,  only  longitudinal  vi- 
hrations  can  he  propagaUd.  The  vibration  of  waves  of  sound 
in  the  air,  therefore,  are  wholly  longitudinal.  //,  however,  the 
medium  has  also  elasticity  of  form,  as  is  the  case  with  an  elastic 
solid,  transverse  as  well  as  longitudinal  leaves  can  be  propa- 
gated through  the  medium.  The  vibrations  of  the  ether  which 
produce  light  are  known  to  be  transverse,  and  hence  the  ether 
is  believed  to  be  an  elastic  solid.  The  longitudinal  waves  in  the 
ether,  if,  indeed,  these  exist  at  all,  have  never  been  detected. 

543.     Spherical  Waves.     When  a  vibration  occurs  in  a  homo- 
geneous mcdiiun,  that  is,  a  medium  which  is  alike  on  all  sides, 
the  disturbance  is  propagated  not  only  in  one  direction  but  in 
all  directions.     At  the  end  of  a  certain  time,  therefore,  the  dis- 
turbance which  starts  from  the  vibrating  particle  has  been  prop- 
agated an  equal  distance  in  all  directions,  and  is  found  upon  the 
surface  of  an  ever-enlarging    sphere    which    has    the  vibrating 
body  as  a  center.     The  rate  at  which  the  radius  of  this  i?phere 
increases  is  the  velocity  of  propagation  of  the  wave  motion  in 
the  medium.     In  a   homogeneous  medium,  therefore,   the  dis- 
turbance is  propagated  throughout  that  medium  in  the  form  of 
a  spherical  wave.    jMoreover,  every  particle  of  the  medium  must 
execute  vibrations  precisely    similar    to  those    of   the  source  of 
disturbance  at  the  center,  and  every  particle  on  the  surface  of 
this  spherical  wave  must  be  in  the  same  phase  of  vibration. 
This  surface  of  the  spherical  wave,  of  ichich  the  vibrating  hodAj 
is  the  center,  i?  called  the  wave  front.     The  ivave  front,  there- 
fore, may  be  defined  as  the   continuous  locus  of  all  particles 
which  are  in  the  same  phase  of  vihratinn.     Tf  tlie  source  of  dis- 
turbance is  very  far  away,  so  that  tlie  radius  of  this  sphere  .is 
very  great,  a  small  portion  of  tliis  spherical  wave  is  practically 
a  plane,  and  is  s])okt'n  of  as  a  plane  wave,  or  a  plane  wave  front. 
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544.  Reflection  of  Wave  Motion.  The  reflection  of  a  Avave 
means  the  turning  back  of  the  "wave.  When  reflection  occurs, 
the  wave  ceases  to  advance  in  the  direction  in  wliich  it  has  been 
moving  and  is  turned  back,  so  that  it  again  traverses  the  medium 
over  which  it  has  travelled,  this  time  moving  in  the  opposite 
direction.  Whenever  a  wave  meets  a  medium  in  any  way  dif- 
ferent from  the  one  in  tvhich  it  has  heen  travelling,  reflection 
occurs. 

545,  Reflection  of  Longitudinal  Waves.  The  reflection  of 
a  longitudinal  wave  may  be  illustrated  as  follows :  If  we  imagine 
a  number  of  ivory  balls,  five  for  example,  to  be  suspended  hori- 
zontally in  a  row,  these  will  represent  the  individual  particles 
of  an  elastic  medium.  If,  now,  the  first  is  drawn  back  and  al- 
lowed to  fall  upon  the  second,  Fig.  353,  the  force  of  the  impact 


oooo 


Fig. 


353.     Transmission     of 
longitudiual    wave. 


Reflection    of   a   longi- 
wave    witli    change    of 


slightly  flattens  this  ball.  As  this  regains  its  original  shape, 
it  strikes  an  equal  blow  upon  the  third,  flattening  it,  and  so  on. 
In  this  way  a  wave  of  compression  is  propagated  through  the 
row,  in  this  case  moving  to  the  right,  each  ball  being  distorted 
by  the  one  immediately  preceding,  and  in  turn  distorting  the 
one  immediately  following.  If,  now,  a  block  of  iron  or  other 
immovable  obstacle  is  held  rigidly  in  position,  just  touching  the 
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last  ball,  Fig.  354:,  this  fifth  hall,  when  flattened,  is  nnahle  to 
move  the  iron,  and  hence  strikes  the  fonrth  hall  a  blow  as  it 
regains  its  original  condition.  The  blow  which  is  thns  delivered 
tends  to  move  the  fourth  ball  to  the  left ;  but  as  this  cannot  move, 
due  to  the  presence  of  the  third  ball,  it  becomes  flattened,  and 
as  it  regains  its  spherical  condition  it  strikes  the  third  ball  a 
bloAv.  In  the  same  way,  the  third  ball  distorts  the  second,  and 
the  second  delivers  a  blow  npon  the  first,  forcing  it  to  fly  out 
to  the  left.  The  disturbance,  which  was  first  propagated 
through  the  medium  moving  to  the  right,  has  thus  travelled  a 
second  time  over  the  medium,  this  time  in  the  reverse  direction, 
and  hence  the  wave  has  been  reflected  at  the  point  where  the 
ivory  medium  ceased  and  the  iron  began. 

It  is  to  be  observed  that  each  ivory  ball  was  successively  com- 
pressed as  the  reflected  wave  travelled  through  it,  and  hence  in 
this  instance  a  wave  of  compression  is  refl.ected  as  a  wave  of 
compression.  It  is,  however,  also  to  be  observed  that  the  first 
particle  moved  to  the  right  as  the  direct  wave  advanced,  and  that 
it  now  moves  to  the  left  as  the  reflected  wave  returns.  If 
motion  to  the  rigid,  therefore,  is  regarded  as  positive,  motion  to 
the  left  is  considered  negative,  and  the  sign  of  the  motion  of  the 
first  particle  has  been  cheingeel  by  the  reflection  of  the  ivave.  The 
sign  of  the  motion  of  the  first  particle  of  the  medium,  as  it  moves 
under  the  action  of  the  reflected  wave,  gives  name  to  the  reflection 
which  has  taken  place.  In  the  present  instance  the  direction  of 
the  motion  of  the  first  particle  has  been  changed,  hence  reflec- 
tion occurred  2cith  change  of  sign.  Accordingly,  reflection  ivlth 
change  of  sign  takes  place  whenever  a  wave  in  any  medium  meets 
a  medium  more  dense,  that  is,  one  in  which  it  can  move  with  less 
freedom,  than  the  one  in  which  it  has  been  travelling.  When  a 
longitudinal  wave  is  reflected  ivith  change  of  sign,  a  condensa- 
tion is  reflected  as  a  condensation,  and  in  the  same  way  a  rare- 
faction is  reflected  as  a  rarefaction. 

]  f  we  now  imagine  the  iron  block  removed  from  the  last  ivory 
])all.  a  wave  of  compression  which  is  now,  as  before,  sent  to  the 
right,  causes  the  last  ball  to  fly  out,  Fig.  355,  moving  much  far- 
ther than  any  of  the  intermediate  balls.  If  we  now  think  of 
cacli  ball  as  connected  with  its  neiglibor  by  an  elastic  cord,  the 
cord  will  lie  stretched  Avhcn  the  last  ball  moves,  and  this  will 
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Fig.  355.     Reflection  of  a  longitudinal 
wave  witbout   change   of  sign. 


drag  the  fourth  one  after  it,  moving  also  to  the  right.  As  this 
ball  moves  it  Avill,  in  the  same  way,  drag  the  third  one  after  it, 
this  will  drag  the  second  likewise  to  the.  right,  and  this  will 
cause  the  first  to  move  also  to  the  right.  The  disturbance  has 
therefore  been  propagated  backward  through  the  medium,  and 

accordingly  reflection  must  have 
occurred  at  the  point  where  the 
row  of  ivory  balls  ceased.  The 
motion  of  the  first  particle,  and 
indeed,  that  of  every  particle  in 
tile  reflected  wave,  is  in  the  same 
direction  as  in  the  direct  wave. 
The  sign  of  motion  of  the  first 
particle  has  not  been  changed, 
and  therefore  reflection  has  tak- 
en place  without  change  of  sign. 
Reflection  u-ithout  change  of  sign  occurs  whenever  a  wave  in  any 
medium  meets  a  medium  less  dense,  that  is,  one  in  which  it  can 
move  with  greater  freedom  than  the  one  in  which  it  has  been 
travelling.  It  is  to  be  noticed  that  the  fifth  particle  moves  much 
more  freely  in  the  air  than  in  the  ivory  medium ;  and  as  it  moves 
it  distends  the  medium  connecting  it  with  the  fourth  particle,  and 
so  on,  hence  the  compression  which  passes  down  the  medium  is,  in 
this  instance,  reflected  as  a  rare  faction.  That  is,  the  last  particle 
in  the  Avave  of  condensation  which  passes  down  the  medium 
changes  at  once,  as  soon  as  it  moves,  to  the  first  particle  in  the 
wave  of  rarefaction  which  passes  back  over  the  medium.  There- 
fore, when  a  longitudinal  wave  is  reflected  wi.'hout  change-  of 
sign,  a  condensation  is  reflected  as  a  rarefaciion,  and,  conversely, 
a  rarefaction  is  reflected  as  a  condensation. 

In  this  connection  one  very  important  matter  is  most  care- 
fully to  lie  noted.  In  a  longitudinal  wave,  when  reflection  oc- 
curs with  change  of  sign,  there  is  no  change  of  phase  at  the 
point  of  reflection,  a  condensation  which  traverses  the  medium 
in  the  medium  in  the  direct  wave  being  reflected  as  a  conden- 
sation in  the  reflected  wave.  "When,  however,  in  a  longitudinal 
wave,  reflection  without  change  of  sign  takes  place,  a  conden- 
sation is  reflected  as  a  rarefaction,  that  is,  the  disturhance 
changes  immediately  to  the  opposite  phase,  and  a  loss  of  a  half 
wave  length  occurs  at  the  point  of  reflection. 
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546.  Reflection  of  Transverse  Waves,  A  siniiUu-  analysis 
of  reflection  may  l;)c  made  with  transverse  waves.  If  we  imagine 
the  mediinii  in  this  ease  to  lie  a  stretched  rope  or  a  spiral  spring, 
extending  from  the  ta1)h^  to  the  ceiling,  Fig.  356,  a  displace- 
ment of  one  particle  to  the 

right  will  drag  the  next  ^^'^^■^'"^^ 
particle  in  the  same  direc- 
tion, and  hence  a  crest  of 
displacements  to  the  right 
will  pass  up  the  spring.  At 
the  top,  the  displacement  of 
the  particles  to  the  right  ex- 
erts a  force  upon  the  ceil- 
ing tending  to  move  it  also 
to  the  right ;  but  as  this  can- 
not move,  the  reaction  of 
the  ceiling  upon  the  spring 
urges  the  particles  of  the 
latter  to  move  to  the  left. 
As  these  move  to  the  left, 
they  drag  with  them  the 
particles  immediately  be- 
low,  and   hence  a   Avave   in 

Avhich  the  particles  move  to  the  left  travels  down  the  spring. 
The  wave,  therefore,  has  been  reflected  where  the  mediiun 
changes  at  the  ceiling.  ^Moreover,  when  the  reflected  wave 
reaches  the  bottom  of  the  spring,  the  motion  of  the  first  particle 
is  to  the  left,  or  in  the  direction  opposite  to  its  motion  in  the 
direct  wave,  and  therefore  at  the  ceiling  the  reflection  occurred 
with  change  of  sign.  A  crest  which  is  sent  up  the  spring  is 
reflected  as  a  trough,  and  conversely  a  trough  which  is  sent  up 
is  reflected  as  a  crest.  The  uppermost  particle  of  the  spring  at 
one  instant  is  a  portion  of  the  ascending  crest,  and  the  next 
instant  it  is  a  portion  of  the  descending  trough.  Accordingly, 
i)i  transverse  waves,  when  reflection  occurs  with  change  of  sign, 
there  is  a  loss  of  half  a  ivave  length  at  the  point  of  reflection. 

To  illustrate  reflection  without  change  of  sign,  we  may 
imagine  a  heavy  rope  attaclied  to  tlie  ceiling  by  a  light  cord, 
Fig.  357.    If,  now  a  disturbance  to  the  right  is  sent  up  the  rope, 


Fig.     3.56.     Reflection     of    a     transverse 
wave    with    change    of    sisn. 
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the  particles  move  successively  and  equally  to  the  right  until 
the  cord  is  reached.  As  the  last  particles  of  the  rope  are  dis- 
turbed, they  have  only  the  particles  of  the  lighter  cord  above 
to  set  in  motion,  and  hence  these  last  particles  of  the  rope  move 
out  very  much  farther  than  any  other  particles.    This  increased 

motion  of  these  particles  disturbs 
the  particles  immediately  beneath, 
and  hence  a  reflected  wave  starts 
down  the  rope,  being  reflected  at 
the  point  where  the  heavy  rope  is 
attached  to  the  lighter  cord.  ]\Iore- 
over,  the  disturbance  of  the  par- 
ticles, which  was  to  the  right  in 
the  direct  wave,  is  also  to  the  right 
in  the  reflected  wave,  hence  refleo- 
flon  occurs  without  change  of  sign. 
The  C7-est  which  is  sent  up  comes 
back  as  a  crest,  and,  in  the  same 
way,   a  trough  which  is  sent  up 
comes  back  as  a  trough.     Accord- 
ingly, in  transverse  waves  when  re- 
flection without  change  of  sign  oc- 
curs, there  is  no  change  of  phase  at 
the  point  of  reflection. 
The  whole  matter  of  the  reflection  of  waves  may  be  summed 
up  as  follows :    Whenever  a  ivave,  either  langitucUnal  or  trans- 
verse, meets  a  denser  medium,  that  is,  a  medium  in  which  it 
can  move  with  less  freedom  than  the  one  in  which  it  has  been 
traveling,  reflection  with  change  of  sign  occurs.    Whenever  a 
wave,  either  longitudinal  or  transverse,  meets  a  rarer  medium, 
that  is,  a  medium  in  which  it  can  move  with  greater  freedom 
than  the  one  in  which  it  has  been  travelling,  reflection  without 
change  of  sign  occurs.    In  transverse  waves  when  reflection  icith 
change  of  sign  occurs,  and  in  longitudinal  waves  when  reflec- 
tion without  change  of  sign  occurs,  there  is  a  loss  of  half  a  wave 
leng'h  at  the  point  of  reflection.     The  latter  statement  may  be 
expressed  by  saying  that  ivhenever   the  phase  of  the   motiooi 
changes  at  the  point  of  refection  a  loss  of  half  a  luave  length 


Fig.    357.     Reflection  of   a   trans- 
verse   wave    without   change   of 

sisn. 
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takes  place. 
Avaves  alike. 


This  holds  for  transverse   and  for  longitudinal 


Fig.  35S.  The 
formation  of 
a  stationary 
wave. 


547.  Stationary  Waves.     On  aceonnt  of  the  difficulty  of  rep- 
resenting b}'  a  diagram  the  condensations  and 
rarefactions  of  a  longitudinal  wave,  a  study  of 
stationary  waves  may  best  be  made  by  consid- 
ering transverse  waves. 

Accordingly,  we  will  once  more  consider  that 
a  disturbance  in  the  form  of  a  crest  is  given  to 
a  spiral  spring.  Fig.  358,  which  is  stretched  from 
the  table  to  the  ceiling.  This  crest  is  propa- 
gated to  the  top,  is  there  reflected  with  change 
of  sign,  comes  down  as  a  ti-ough,  is  reflected  at 
the  bottom,  also  with  change  of  sign,  and  starts 
for  the  second  time  up  the  spring  as  a  crest. 
If  a  second  impluse  in  the  same  direction  is 
given  to  the  spring  just  as  the  first  thus  starts 
up  for  the  second  time,  the  two  add  themselves 
together  and  a  crest  of  increased  amplitude 
passes  up  the  spring. 

If,  now,  the  particles  at  the  bottom  are  made  to  execute  reg- 
ular vibrations,  the  period  of  the  vibration  being  the  time  re- 
quired for  the  disturbance  to  travel  up  and  down  the  spring, 
the  impulses  which  are  given  by  these  vibrations  occur  in  the 
same  phase  as  the  disturbance  already  upon  the  spring,  so  that 
the  amplitude  of  the  resulting  disturbance  is  the  sum  of  the 
amplitudes  of  the  separate  disturbances.  Moreover,  the  period 
of  vibration  of  all  the  particles  is  the  same  as  that  of  the  par- 
ticles at  the  bottom;  and  as  the  disturbance  which  thus  passes 
repeatedly  up  and  down  the  spring  gradually  displaces  more 
and  more  particles  above  and  below  itself,  it  soon  follows  that 
all  the  particles  of  the  spring  move  simultaneously  to  the  right 
as  the  crest  passes  up,  and  to  the  left  as  the  trough  passes  doAvn. 
The  entire  spring,  therefore,  vibrates  as  a  whole,  swinging  first 
to  the  right  and  then  to  the  left,  and  the  progressive  motion  of 
the  wave  is  altogether  lost  to  view.  This  constitutes  a  stationary 
wave.  A  stationary  tvave,  therefore,  is  a  wave  in  ivhich  the 
progressive  motion  cannot  he  detected,  and  is  produced  hy  a 
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direct  and  a  reflected  wave  existing  upon  the  medium  at  the  same 
time. 

If  the  stationary  wave  is  transverse,  there  are  always  at  least 
two  stationary  points  upon  the  medium,  called  the  nodes.  In 
the  present  instance,  the  stationary  points,  or  nodes,  arc  at  the 
top  and  bottom.  The  region  between  the  nodes  is  called  the 
antinode,  and  here  the  particles  of  the  medium  are  all  in  the 
same  phase  of  vibration.  Since  the  disturbance,  in  the  case  of 
the  spring,  passes  up  and  comes  down  during  the  time  of  one 
vibration  of  the  first  particle,  the  wave  length  is  twice  the  length 
of  the  spring,  or  twice  the  distance  between  the  nodes.  In  gen- 
eral, it  may  be  said  that  the  wave  length  of  any  stationary  wave 
is  twice  the  distance  between  iivo  adjacent  nodes,  or,  in  othei:) 
words,  the  distance  between  two  adjacent  nodes  is  half  a  wave 
length.  "When  a  medium  such  as  a  stretched  cord  or  string  vi- 
brates as  a  whole,  having  nodes  only  at  the  two  fixed  ends,  the 
medium  is  then  thrown  into  a  vibration  having  the  longest  wave 
length  of  which  it  is  capable,  and  this  is  called  the  fundamental 
vibration.  The  note  which  is  emitted  by  a  sounding  body  vi- 
brating with  its  fundamental  vibration  is  called  its  fundamental 
tone,  or,  simj^ly,  its  fundamental.  *• 

548.  The  Subdivision  of  the  Vibrating  Medium  into  Seg- 
ments. Referring  again  to  the  long  stretched  vertical  spring, 
we  see  that  if  the  second  disturbance  is  sent  up  just  as  the  first 
has  reached  the  top  and  is  starting  down,  the  crest  of  the  sec- 
ond direct  wave  meets  the  trough  of  the  first  reflected  wave  at 
the  center.  This  central  particle  is  thus  urged  in  opposite  di- 
rections at  the  same  time,  and  hence  remains  stationary.  Ac- 
cordingly, a  node  is  determined  at  tire  center  of  the  sirring. 
Fig.  359,  due  to  the  fact  that  the  direct  and  the  reflected  waves 
meet  at  this  point  in  opposite  phase.  The  spring  is  therefore 
divided  into  two  vibrating  segments  with  a  node  between  them. 
In  the  formation  of  these  subdivisions,  and  in  the  production 
of  stationary  waves  in  general,  it  is  to  be  observed  that  the 
particles  of  the  medium  in  adjacent  segments  are  always  in 
opposite  phases  of  vibration. 

Since,  in  the  present  instance,  the  wave  length  of  this  seg- 
mental vibration  is  just  equal  to  the  length  of  the  spring,  or 
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twice  the  distance  between  two  adjacent  nodes,  the  note  emitted 
by  these  vibratino^  segments  is  an  octave  higlier  than  the  funda- 
meiital  tone,  as  will  be  shown  later.  The  musical  notes  emitted 
by  a  medium  which  subdivides  into  an  exact  wliole  numher  of 
vibrating  segments  are  known  as  the  overtones  or  the  harmonics 
of  the  fundamental.  A  string  or  cord  which  thus  divides  into 
two  segments  is  then  emitting  its  first  overtone  or  harmonic. 

If  the  second  disturbance  is 
sent  up  the  spring  when  the 
first  has  travelled  only  two- 
thirds  of  the  way  to  the  top. 
the  first  reflected  wave  and 
the  second  direct  wave  meet  in 
opposite  phase  at  a  point 
one-third  of  the  length  of  the 
spring  from  the  top,  and  thus 
determine  a  node  at  that  point. 
A  third  direct  wave  which  is 
now  sent  up  meets  the  first  re- 
flected wave  one-third  of  the 
distance  from  the  bottom,  and 
determines  a  node  at  tliis  point 
as  well.  The  medium  is  thus  equally  divided  into  three  vibrating 
segments,  and  the  note  produced  is  the  second  overtone  or  har- 
monic of  the  fundamental. 

In  a  similar  way,  if  the  first  wave  is  half-way  up  the  spring 
when  the  second  one  is  started,  the  second  direct  wave  meets 
the  first  reflected  one  in  opposite  phase  at  a  point  one-fourth 
of  the  length  of  the  spring  from  the  top,  the  third  direct  wave 
meets  the  first  reflected  one  at  the  middle  of  the  spring,  and 
the  fourth  direct  wave  meets  the  first  reflected  one  at  a  point 
one-fourth  of  the  length  of  the  spring  from  the  bottom,  deter- 
mining a  node  at  eacli  of  these  points.  The  medium,  therefore, 
is  broken  up  into  four  vibrating  segments,  thus  producing  a 
note  M-hich  is  flic  tliii'd  overtone  or  harmonic  of  the  fundamental, 
and  so  on. 

549.  Transverse  Vibrations  of  Cords.  When  a  body  like  a 
stretched  cord  or  string  is  made  to  vibrate  transvcrschj,  it  is 


Fig.  359.  The  fundamental  vibration 
i>t'  a  cord,  and  its  subdivision  into 
two,    three,    and    four   segments. 


672  REFLECTION  OF  WAVE  IMOTION. 

the  tension  and  not  the  elasticity  of  the  cord  that  causes  the 
vibration.  Thus,  a  silk  cord  when  tightly  stretched,  may  be 
made  to  vibrate  with  transverse  vibrations  and  to  give  forth  a 
musical  note,  although  the  cord  itself  is  very  inelastic.  When 
the  stretched  cord  is  displaced  from  its  position  of  equilibrium, 
as,  for  instance,  when  it  is  bowed,  it  is  a  component  of  the  ten- 
sion and  not  the  elasticity  of  the  cord  which  causes  the  latter 
to  return  to  its  original  position.  This  component  of  the  ten- 
sion, however,  is  proportional  to  the  displacement,  hence  it 
takes  the  place  of  the  force  of  restitution  in  deformed  elastic 
bodies,  and  thus  compels  the  cord,  when  released,  to  vibrate 
back  and  forth  with  harmonic  motion.  The  velocity  of  prop- 
agation V  of  a  disturbance  on  a  stretched  string  depends,  there- 
fore, upon  the  tension  t  of  the  cord  and  upon  its  inertia,  that 
is,  upon  the  mass  per  unit  length  which  the  cord  possesses. 
Letting  v  represent  the  velocity  of  propagation  along  the  cord, 
t  the  tension,  and  d  the  mass  per  unit  length  of  the  cord,  or  the 
density,  it  may  be  shown  that 


v=y 


d 


Since  the  stretched  cord  is  fastened  at  both  ends,  reflection 
with  change  of  sign  occurs  whenever  the  disturbance  which  is 
propagated  along  the  cord  reaches  the  end.  The  co-existence  of 
direct  and  reflected  waves  upon  the  cord  throws  the  latter  into 
stationary  waves,  and,  as  has  been  seen  (p.  671),  this  can 
occur  only  when  the  cord  is  some  whole  number  of  half  wave 
lengths  long.  Accordingly,  if  L  represents  the  length  of  the 
cord,  and  if  iV  is  the  number  of  segments  into  which  the  cord 
divides,  A  being  the  wave  length, 

Z  =  .Y-.  (1). 

2 

If 

iV  =  l, 

that  is,  if  the  cord  is  vibrating  with  but  a  single  loop,  the  string 
is  then  executing  its  fundamental  vibration,  and 
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2 


or 

A   =   21. 

If 

-V  =  2, 

that  is,  if  there  are  two  vihratiiis:  segments  upon  the  string,  the 
cord  is  emitting  its  first  overtone,  and 

A  =  L, 

and  so  on.  Therefore,  by  giving  different  values  to  ^Y,  we  deter- 
mine the  wave  lengths  of  the  different  segments  into  which  the 
string  may  divide.  The  equivalent  of  this  was  done  (p.  671)  in 
the  previous  consideration  of  the  subdivision  of  a  string. 

In  the  study  of  the  propagation  of  wave  motion,  we  have 
seen  (p.  658)  that  the  quantity  known  as  the  wave  length,  A, 
is  the  distance  which  the  disturbance  has  travelled  during  the 
time  of  one  vibration  of  the  first  particle.  If  this  particle  is 
vibrating  regularly,  and  is  making  n  complete  vibrations  in  a 
second,  it  is  evident  that  during  this  second  the  disturbance  in 
the  medium  will  travel  the  distance  n  A.  But  the  distance 
which  the  disturbance  travels  in  a  second  is  the  velocity,  v,  (p. 
23),  and  hence 

V  =i  n  A. 

Substituting  this  value  of  v  in  the  expression 


-V  7/ 


we  have 
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A 


n\  =  y 


J 


Replacing  in  this  the  value  of  A.  as  derived  from  equation   (1), 
we  obtain,  finally, 


X       / 1 

That  is,  the  length,  the  mass  per  unit  length  of  the  cord,  and 
the  number  of  segments  into  which  the  cord  divides  remaining 
the  same,  the  numhcr  of  vibrations  per  second  which  a  cord  will 
make  varies  directly  as  the  scpiare  root  of  the  tension.  Accord- 
ingly, if  a  cord  is  vibrating  with  its  fundamental  vibration  un- 
der a  certain  tension,  it  will  still  vibrate  with  its  fundamental 
vibration,  but  making  twice  as  many  vibrations  per  second,  if 
the  tension  is  increased  four-fold.  If  we  solve  this  last  equa- 
tion for  N,  the  number  of  vibrating  segments  into  which  the 
cord  divides, 

3  =2Lny     -. 

In  other  words,  the  length,  the  mass  per  unit  length  of  the  cord, 
and  the  number  of  vibrations  per  second  remaining  the  same, 
the  number  of  segments  into  which  the  cord  divides  varies  in- 
versehj  as  the  square  root  of  the  tension.  If,  therefore,  under 
a  certain  tension  a  cord  vibrates  with  its  fundamental  vibration, 
it  will  break  up  into  two  vibrating  segments  if  the  tension  is 
made  one-quarter  of  its  former  amount,  and  into  three  vibrating 
segments  if  the  tension  becomes  one-ninth  of  its  original  amount, 
and  so  on. 

550.  The  Transverse  Vibrations  of  Rods.  AVhen  a  rod  free 
at  both  ends  is  made  to  vibrate  transversely,  the  fundamental 
vibration  consists  of  three  vibrating  segments  separated  by  two 
nodes,  Fig.  360,  the  distance  of  the  nodes  from  the  ends  being 
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about  one-quarter  of  the  distance  between  them.  Here,  as  in  all 
other  eases,  the  vibrations  in  adjacent  segments  are  in  oppo- 
site phase,  so  that  while  the  two  ends  of  the  rod  move  upward, 
the  central  portion  moves  downward,  and  when  the  two  ends 
move  downward,  the  central  portion  moves  upward.  If  the  rod 
is  bent  into  a  U-shaped  figure,  the  nodes  approach  each  other, 
thus  making  the  middle  vibrating  segments  very  much  smaller. 
A  rod  so  bent  becomes  a  tuning  fork.  An  examination  of  the 
vibrations  of  a  tuning  fork  shows  that  the  movements  of  the 
prongs  take  place  in  such  a 
way  that  when  one  i)rong 
moves  in  the  other  also 
moves  in,  and  when  one 
moves  out  the  other  moves 
out.  Moreover,  it  is  like- 
wise seen  that  the  middle 
segment  executes  small 
vertical  vibrations,  so  that 
the  stem  of  the  fork  which 
is  attached  to  this  middle 
segment  also  moves  with 
vertical  vibrations.  Thus, 
the  vibrations  of  the  fork  are  transmitted  to  the  box,  or  resonator, 
upon  which  the  fork  is  mounted,  and  in  this  way  the  sound  of 
the  fork  is  reenforced. 


Fig.    3G0.     The    transverse   vibrations   of    a 
rod   and  a  tuning  fork. 


551.  The  Transverse  Vibration  of  Plates — The  Chladni 
Figures.  A  plate  may  be  considered  as  a  rod  of  very  great 
widtli,  and  the  vibrations  of  a  plate  may  be  regarded  as  those 
wliich  would  occur  upon  a  broad  rod.  Chladni  studied  the  vi- 
brations of  plates  by  sprinkling  sand  upon  them,  and  observing 
the  patterns  formed  as  the  sand  was  thrown  away  from  the 
vibrating  segments  and  collected  along  the  lines  of  no  vibra- 
tion. Thus,  Fig.  361,  if  we  imagine  the  horizontal  edges  of  the 
square  l)rass  plate  free  to  vibrate,  and  the  plate  to  vibrate  with 
its  fundamental  vibration,  it  will  divide  itself,  like  a  rod,  into 
three  vibrating  sections,  separated  by  two  nodal  lines.  It  is 
along  these  lines  that  tlie  sand  which  may  be  scattered  upon  the 
plate  will  collect.    If,  now.  the  plate  vibrates  in  more  than  one 
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direction  at  the  same  time,  the  resulting  vibration  and  the  re- 
sulting sand  pattern  may  be  very  complex.  "Wheatstone  has 
shown  that  however  complicated  the  vibration  of  a  plate  may  be, 
the  existing  vibration  may  be  considered  as  the  resultant  of  two 
vibrations  at  right  angles  to  each  other  which  exist  upon  the 
plate  at  the  same  time.     We  have  assumed  that  the  horizontal 
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Fig.  361.  A  vibrating 
plate  with  horizontal 
nodal   lines. 


Fig.  362.  A  vibrating 
plate  with  vertical 
nodal   lines. 


Fig.  363.  Vibrations  in 
phase  opposite  to 
those    in   Fig.    362. 


edges  of  the  plate  vibrate,  and  have  seen,  Fig.  361,  that  the  vi- 
brating segments  are  separated  by  horizontal  nodal  lines.  If 
the  plate  were  to  vibrate  with  its  fundamental  vibration  and  its 
vertical  edges  moving,  it  would  be  divided  into  tliree  sections 
separated  by  two  vertical  nodal  lines,  as  in  Fig.  362. 

If  these  two  vibrations  were  now  to  exist  upon  the  same  plate 
at  the  same  time,  the  principle  of  Wheatstone  shows  that  the 
resulting  vibration  upon  the  plate  will  be  the  effect  of  compound- 
ing these  two  vibrations.  In  forming  this  resultant  vibration, 
note  must  be  taken  of  tlie  phase  of  the  second  vibration,  Avhether 
it  is  as  shown  in  Fig.  362,  or  in  Fig.  363.  Wc  may  assume  in 
these  figures  that  the  -f  sign  indicates  a  movement  of  the  por- 
tion of  the  plate  towards  the  observer,  while  the  —  sign  indi- 
cates a  motion  in  the  opposite  direction.  The  superposition  of 
the  vibrations  shown  in  Figs.  361  and  362  gives  the  resulting 
vibration  as  shown  in  Fig.  364,  the  central  portion  of  the  plate 
moving  towards  the  observer  and  the  corners  of  the  plate 
moving  away,  while  a  diamond-shaped  nodal  line  separates  these 
two  segments.  If  the  vibrations  represented  in  Figs.  361  and 
363  are  superposed,  the  resultant  vibration  is  shown  in  Fig. 
365,  the  nodal  lines  forming  the  diagonals  of  the  plate.     This 
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latter  pattern  is  one  of  the  simplest  of  the  Chladni  figures  to 
obtain. 


IS          - 
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+ 

p\      — 

Fig.  364.  Resultant 
vibration — Figs.  361 
and    362    superposed. 


Fig.    36.5.  Resultant 

vibration^Figs.     361 
and    363    superposed. 


By  bowing  the  plate  at  different  points,  and  stopping  the 
vibration  at  others  by  touching  these  places  with  the  finger, 
very  complicated  patterns  indeed  are  formed  by  the  sand  as 
it  is  thrown  away  from  the  vibrating  segments  and  collects 
along  the  nodal  lines.  Some  of  these  designs  are  so  complex 
that  Wheatst one's  analysis  is  not  sufficient  to  resolve  the  result- 
ant vibration  of  the  plate  into  its  component  simple  vibrations. 


CHAPTER  XLYIII. 


THE  VELOCITY  OF  SOUND. 


552.  The  Velocity  of  Sound— The  Direct  Method.  It  is  a 
matter  of  common  observation  that  sound  is  not  propagated  in- 
stantaneously, and  that  a  perfectly  finite  time  is  required  for 
sounds  to  travel  from  one  point  to  anotlier.  A  workman  at  a 
distance  is  observed  to  deliver  a  blow  with  his  hammer,  but  the 
report  is  not  heard  at  that  instant,  due  to  the  fact  tliat  time  is 
required  for  the  sound  to  travel  across  the  intervening  space. 
In  the  same  way,  if  a  gun  is  discharged,  a  distant  obsen-or  by 
noting  the  puff  of  smoke,  will  recognize  the  fact  almost  in- 
stantly; the  report,  however,  will  be  delayed,  possibly  several 
seconds,  because  it  requires  a  certain  time  for  the  disturbance 
to  be  propagated  this  distance  through  the  air. 
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Indeed,  it  was  upon  this  principle  that  the  earlier  determina- 
tions of  the  velocity  of  sound  were  made.  Two  observers,  each 
provided  with  a  gun  and  also  with  a  device  for  recording  time, 
Avere  stationed  upon  distant  hills.  The  observer  upon  one  hill 
discharged  his  gun,  and  the  one  upon  the  distant  hill  made  care- 
ful note  of  the  interval  of  time  that  elapsed  between  the  per- 
ception of  the  flash  and  the  sound  of  the  report.  The  second 
observer  then  discharged  his  gun  while  the  first  made  similar 
observations,  and  after  repeating  these  experiments  many  times, 
the  average  of  the  whole  series  was  taken.  The  distance  between 
the  two  stations  was  then  carefully  measured;  and  as  this  dis- 
tance and  also  the  time  required  by  the  sound  to  travel  this 
distance  were  then  known,  the  velocity  of  sound  could  be  ap- 
proximately determined.  It  was  found  that  sound  travels  a 
little  faster  with  the  wind  than  against  it,  and  that  shrill,  acute 
sounds  travel  a  little  faster  than  deep,  grave  sounds.  The  press- 
ure of  the  air  has  no  effect  upon  the  velocity  of  propagation, 
but  the  temperature  has  a  wide  influence  upon  the  rate  at  wdiich 
sound  travels.  When  the  average  of  a  long  series  of  obser- 
vations is  taken,  it  is  found  that  the  velocity  of  sound  at 
0°  C.  is  very  nearly  331  meters  per  second.  The  proximity 
of  a  stroke  of  lightning,  therefore,  may  be  computed  by  count- 
ing the  seconds  which  elapse  between  the  flash  and  the  report. 

Early  in  the  nineteenth  century  many  observations  were  made 
by  a  similar  method  upon  the  Lake  of  Geneva  to  determine  the 
velocity  of  sound  in  water.  A  gun  was  discharged  at  the  instant 
that  a  bell  Avas  struck  under  water,  and  an  observer  several  miles 
distant  listened  for  the  sound  of  the  bell  by  putting  his  ear  to 
a  trumpet,  the  mouth  of  Avhicli  was  underneath  the  surface  of 
the  Avater.  By  observing  the  interval  elapsing  betAveen  the  flash 
of  the  gun  and  the  sound  of  the  bell  as  transmitted  by  the  Avater, 
the  velocity  of  sound  in  the  Avater  was  determined.  In  this  Avay 
the  velocity  of  sound  in  Avater  is  found  to  be  many  times  greater 
than  in  air;  for  although  Avater  is  compressible  only  Avith  great 
difficulty,  it  regains  its  volume  completely  as  soon  as  the  pressure 
is  released,  hence  it  is  perfectly  elastic.  An  experiment  sIioaa^- 
ing  the  rapid  transmission  of  sound  by  solids  may  be  easily 
tried.  If  an  observer  places  his  ear  near  an  iron  fence,  and  a 
second 'person  some  distance  aAvay  strikes  the  fence  a  sharp  Woaa', 
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two  reports  will  hv  hoard,  one  coming  through  the  fence,  and 
the  other,  which  is  transmitted  more  slowly,  travelling  through 
the  air. 

553.  The  Velocity  of  Sound— The  Indirect  Method.  This 
older  method,  Avhich  is  known  as  the  direct  method,  of  determin- 
ing the  velocity  of  sound,  is  open  to  many  criticisms,  principally 
due  to  the  varying  temperature  of  the  different  strata  of  air 
between  the  two  stations,  and  especially  to  the  fact  that  errors 
are  inevitably  made  in  recording  the  times  at  which  the  flash 
of  the  gun  is  seen  and  the  report  heard.  For  more  accurate 
measurements  of  the  velocity  of  sound,  recourse  is  had  to  the 
indirect  method,  and  this  depends  ultimately  upon  our  definition, 
of  wave  length. 

We  have  seen  (p.  658)  that  the  wave  length  in  an  elastic 
medium  is  the  distance  which  the  disturbance  or  the  wave 
travels  during  the  time  of  one  vibration  of  the  first  particle. 
If  the  elastic  medium  is  the  air,  and  if  the  vibrating  particle  is 
a  portion  of  a  sounding  body,  the  length,  A,  of  the  aerial  wave 
is  the  distance  through  which  the  disturbance  in  the  air  has  been 
propagated  during  the  time  of  one  complete  vibration.  More- 
over, if  the  sounding  body  makes  n  vibrations  per  second,  it  is 
evident  that  11  A.  is  the  distance  Avhich  the  disturbance  travels 
through  the  air  in  one  second,  or  the  velocity  v.    Accordingly 

V  =  n  A. 

This  equation  may  be   called  the  fundamental  equation  in  ex- 
pressions involving  the  velocity  of  sound. 

The  process  of  computing  the  velocity  of  sound  by  the  indi- 
rect method  consists,  therefore,  in  counting  the  number  of  vibra- 
tions per  second  w^iich  a  sounding  body  is  executing,  and  de- 
termining the  wave  length  of  this  sound  in  the  air.  From  the 
above  reasoning,  then,  it  is  seen  that  the  product  of  these  two 
quantities  gives  the  velocity  directly.  ^Measurements  both  of  the 
number  of  vibrations  per  second  and  of  the  resultant  "wave 
length  may  be  made  with  great  accuracy,  hence  the  velocity  of 
sound  may  be  determined  with  far  less  error  by  the  indirect 
method  than  l)v  the  direct. 
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Another  equivalent  expression  is  often  used  instead  of  the 
form  of  the  fundamental  equation  here  given.  If  T  is  the  time 
of  vibration  of  the  first  particle,  or  the  period,  and  n  is  the 
number  of  vibrations  i^er  second,  it  is  evident  that 


and  accordingly, 


A  =  vT. 


This  is  the  algebraic  definition  of  the  wave  length,  and  is  equiv- 
alent to  the  verbal  definition  given  above. 

554.  Theoretical  Determination  of  the  Velocity  of  Sound. 
"Whenever  longitudinal  vibrations  are  propagated  in  an  elastic 
medium,  it  may  be  shown  that  two  quantities  only,  both  of  which 
are  properties  of  the  medium,  enter  to  affect  the  velocity  of 
propagation,  one  of  these  being  the  elasticity  E,  and  the  other 
the  density  D.  By  the  theory  of  elasticity  it  may  be  sho-\A^i  that 
the  velocity  of  propagation  v  is  connected  with  these  quantities 
by  the  relation 

Inasmuch  as  the  atmosphere  is  a  medium  having  only  voluminal 
elasticity  and  therefore  transmitting  only  longitudinal  waves, 
it  was  apparent  to  Newton  that  this  relation  must  likewise  ex- 
press the  velocity  of  sound,  provided  correct  values  for  the 
elasticity  and  the  density  of  the  air  were  employed. 

Newton  reasoned  that  since  sound  is  transmitted  by  a  series 
of  condensations  and  rarefactions,  the  air  must  be  heated  by  the 
former  and  cooled  by  the  latter ;  and  as  the  amount  of  heating 
thus  produced  must  just  equal  the  cooling,  he  believed  that  the 
sound  would  travel  through  the  air  as  if  no  change  of  temper- 
ature had  occurred.  It  remained,  accordingly,  simply  to  re- 
place E  and  D  in  this  expression  by  the  values  of  the  isothermal 
elasticity   (p.  310)   and  of  the  density  of  the  air,  respectively. 
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The  isotlieriiial  elasticity  of  a  gas  was  known  to  be  numerically 
equal  to  the  pressure  at  constant  temperature  (p.  312),  and  this, 
in  the  case  of  the  free  atmosphere,  is  76  X  13.596  X  981  dynes 
per  square  centimeter  (the  modern  notation  is  here  used),  Avhile 
the  density,  or  the  mass  of  1  cubic  centimeter  of  the  air  at  0°C., 
is  0.001293  grams.  When  quantities  corresponding  to  these 
were  substituted  in  the  above  equation,  that  is, 


/ E    ^      / ^-   =   n  /"Q  X  13.596    ■    981 
^     J>  ^     1>  ^  0.001293 


.95 


a  value  of  279.95  meters  per  second  was  obtained  for  the  velocity 
V,  which  was  only  about  80  percent  of  the  true  velocity  of  sound, 
namely,  331  meters  per  second,  as  actually  determined  by  ex- 
periment. 

The  cause  of  this  great  discrepancy  was  never  explained  until 
Laplace,  in  1816,  pointed  out  the  error  which  obviously  existed 
in  Newton's  computation.  This  investigator  showed  that  while 
the  air  is  warmed  by  the  condensations  and  cooled  by  the  rare- 
factions, the  vibrations  occur  so  rapidly  that  no  exchange  of  heat 
can  take  place  between  these  warmed  and  cooled  portions  and 
the  surrounding  air.  Therefore,  during  the  instant  when  the 
sound  wave  is  passing,  the  air  is  in  a  condition  in  which  it  is 
compressed  or  expanded  as  if  it  were  in  a  reservoir  Avliolly  im- 
pervious to  heat,  and  accordingly  in  the  adiabatic  (p.  317)  and 
not  in  the  isothermal  condition.  Laplace  then  suggested  that 
the  adiabatic  elasticity  of  the  air  instead  of  the  isothermal  elas- 
ticity should  be  used,  for  this  would  represent  the  condition  of 
any  small  portion  of  the  atmosphere  at  the  instant  when  the 
sound  wave  was  passing  through  it.  Furthermore,  by  com- 
paring Newton's  computed  value  with  the  known  velocity  of 
sound  as  measured  by  the  direct  method,  he  showed  that  the 
adiabatic  elasticity  of  the  air  must  be  greater  than  the  isothermal 
in  the  ratio  of  1.11  :  1,  or  that 


/J:  /p 

"IX     -^\1.41    =1/  l--il    =331  meters  per  second. 
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From  theoretical  considerations  he  also  proved  that  the  ratio 
of  the  two  elasticities  of  a  gas  must  be  the  same  as  the  ratio  of 
the  two  specific  heats  (p.  318),  and  therefore  that 

J'J  (adiabatic)  C\, 

: —    =    —  =1.41. 

K   (isothermal)  C\- 

While  modern  measurements  have  confirmed  the  correctness  of 
this  deduction,  it  is  undoubtedly  true  that,  because  of  the  dif- 
ficulty in  making-  accurate  measurements  of  the  two  specific 
heats  or  of  the  two  elasticities  of  a  gas,  the  value  of  this  ratio, 
as  thus  determined  from  the  velocity  of  sound  in  the  air,  is 
more  nearly  correct  than  tliat  determined  by  any  other  means. 
The  expression 

serves  also  to  calculate  the  velocity  of  sound  in  liquids  and  solids. 
Since  these  bodies  have  but  one  voluminal  elasticity,  an 
adiabatic  expansion  or  compression  is  impossible,  hence  the  sub- 
stitution of  the  simple  values  of  the  elasticity  and  the  densit}^  in 
this  expression  gives  the  velocity  at  once.  Determined  in  this 
way,  the  calculated  values  of  the  velocity  of  sound  in  liquids  and 
solids  agree  closely  with  the  measurements  made  by  direct  ex- 
periment. 

555.  The  Echo.  A  spherical  sound  wave  may  be  reflected 
from  a  distant  mountain,  wall,  or  forest,  very  much  as  a  wave 
of  light  is  reflected  from  a  mirror.  The  echo  is  the  repetition  of 
a  sound  produced  by  the  reflection  of  this  spherical  wave  by  a 
distant  object.  If  the  reflecting  wall  is  so  distant  that  the  time 
taken  by  the  sound  wave  in  advancing  and  returning  is  at  least 
equal  to  the  interval  required  for  the  perception  of  two  distinct 
sounds,  the  echo  will  return  as  an  independent  sound.  But  if 
the  wall  is  near  at  hand,  the  returning  Avave  will  not  be  widely 
separated  from  the  direct  one,  and  a  more  or  less  serious  con- 
fusion of  sounds  is  the  result. 

This  is  the  cause  of  the  disagreeable  reverberations  which  are 
often  heard  in  large,  unfurnished  halls.     Tapestries  and  uphol- 
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stered  furniture  m  a  large  room,  absorl)  the  energy  of  the  re- 
fleeted  sound  waves,  and  so  obviate  this  indistinct  echo.  The 
rolling  of  thunder  is  sinii)ly  the  echo  and  the  re-echo  of  the  sound 
wave  as  this  is  reflected  from  cloud  to  cloud.  Whenever  sound 
passes  through  layers  of  air  of  unequal  density,  reflections  oc- 
cur at  the  surfaces  where  the  density  changes,  and  the  sound 
wave  which  is  transmitted  is  weakened  by  these  reflections.  It 
is  on  this  account  that  sounds  can  be  heard  farther  bj^  night  than 
by  day,  l)ecause  at  tliis  time  the  air  is  more  nearly  of  uniform 
densitv. 


CHAPTER  XLIX. 

MUSIC  AND  THE  MUSICAL  SCALE 

556.  The  Characteristics  of  a  Musical  Note.  When  the  par- 
ticles of  a  medium  vibrate,  it  is  found  that  these  particular  vi- 
brations may  differ  from  all  others  in  three  respects.  About  a 
vibration,  therefore,  there  are  three  features  or  peculiarities 
which  individualize  it  or  differentiate  it  from  other  vibrations, 
and  these  may  be  known  as  its  characteristics.  First  among  these 
is  the  period,  or  the  time  taken  for  the  particle  to  make  one  com- 
plete vibration.  Another  is  the  amplitude,  or  the  maximum  dis- 
placement of  the  particle  from  its  position  of  equilibrium.  The 
third  is  the  Iciiv  according  io  ichich  the  particle  vibrates,  this  law 
being  perhaps  that  of  simi^le  harmonic  motion,  or  jierhaps  one 
more  complex  than  this. 

Inasmuch  as  a  particle  vibrating  in  an  elastic  medium  gives 
rise  to  a  wave  motion  in  that  medium,  any  peculiarities  in  the 
vibration  of  the  particle  will  cause  corresponding  individualites 
to  appear  in  the  wave  motion  which  is  jiroduced.  There  are,  then, 
also,  tliree  cliar  act  eristics  of  wave  molion  depending  upon  these 
three  characteristics  of  vibration. 

Since  the  wave  length  is  the  distance  which  the  disturbance 
travels  during  the  time  of  one  vibration,  that  is,  during  a  single 
period,  it  is  evident  that  the  length  of  the  wave  must  depend 
upon  the  length  of  the  period.     Accordingly,  the  tvave  length 
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is  the  characteristic  of  wave  motion  which  depends  upon  the 
period  of  the  vibrating  particle. 

A  second  characteristic  of  wave  motion  is  the  amplitude  of  the 
wave,  or  the  maximum  displacement  which  the  medium  under- 
goes as  the  wave  passes  through  it.  Since  the  displacement  oc- 
curring in  the  medium  is  occasioned  by  the  successive  displace- 
ments of  its  particles,  it  follows  that  the  characteristic  of 
amplitude  in  wave  motion  depends  upon  the  corresponding  char- 
acteristic of  amplitude  in  vibration. 

The  third  peculiarity  which  differentiates  one  wave  from 
another  is  the  form  of  the  wave.  If  the  particles  vibrate  with 
simple  harmonic  motion,  the  wave  produced  will  be  the  smooth, 
regular  curve  known  as  the  harmonic  curve,  or  the  curve  of  sines. 
If,  however,  the  particles  vibrate  according  to  some  other  law, 
the  wave  will  then  have  a  different  form,.  The  characteristic  of 
wave  motion  known  as  the  form  of  the  wave  depends,  therefore, 
upon  the  law  according  to  which  the  vibration  of  the  particles 
takes  place. 

"When  the  elastic  medium  in  which  the  disturbance  occurs  is 
the  air,  the  vibrations  wdiich  are  produced  give  rise  to  the  sen- 
sation of  sound.  There  are,  in  general,  two  heads  under  which  all 
sounds  may  be  classified,  namely,  noise  and  music.  "When  the 
vibrations  of  the  air  occur  in  a  perfectly  irregular  manner  and 
wholly  without  periodicity,  the  ear  is  thrown  into  an  irregularity 
of  motion  corresponding  to  the  vibrations  which  reach  it,  and 
the  sensation  of  noise  is  perceived.  A  cab  rattling  over  a  stony 
street  may  be  mentioned  as  an  example  of  pure  noise.  "When, 
however,  the  vibrations  of  the  air  are  regular  and  periodic,  the 
ear  is  likewise  thrown  into  regular  vibrations,  and  the  sensation 
of  a  musical  note  is  produced.  A  noise,  therefore,  is  a  sound 
occasioned  by  irregular  vibrations,  while  a  musical  note  is  the 
result  of  vibrations  which  are  periodic.  In  this  connection  we 
shall  consider  musical  sounds  only. 

Having  learned  that  a  musical  note  is  produced  by  regular  or 
periodic  vibrations  of  the  air,  we  must  next  inquire  in  what  re- 
spect the  differences  which  exist  in  the  sound  waves  in  the  air  give 
rise  to  corresponding  differences  in  the  musical  note.  Since  there 
are  three  characteristics  of  wave  motion,  there  are  also  three 
characteristics  of  a  musical  note,  depending  upon  the  three  ways 
in  which  waves  can  differ  from  one  another. 
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The  ivave  length  of  the  sound  Avave  produces  that  character- 
istic of  a  musical  note  which  is  known  as  pitch.  The  pitch  of  a 
note  is  that  distinguishing  characteristic  of  a  musical  note  which 
determines  its  position  upon  the  musical  scale.  Pitch  depends 
upon  the  length  of  the  wave,  that  is,  upon  the  number  of  vihra- 
tions  per  second,  and  is  absolutely  independent  of  the  loudness 
of  the  note,  and  is,  therefore,  also  independent  of  the  amplitude 
of  the  vibrating  particle  or  of  the  wave. 

The  amplitude  of  the  wave  affects  the  excursions  which  the 
little  air  particles  have  to  make  as  they  vibrate  back  and  forth, 
and  these  in  turn  act  upon  the  drum  of  the  ear,  causing  the  lat- 
ter to  vibrate  back  and  forth  through  Avide  distances  when  the 
amplitude  is  great,  and  through  small  distances  when  the  ampli- 
tude is  small.  The  amplitude  of  the  drum  of  the  ear  has  to 
deal  with  the  sensation  of  loudness  in  the  sound  which  is  heard, 
hence  the  loudness  of  a  sound  is  that  characteristic  which  de- 
pends upon  the  amplitude  of  the  wave. 

The  third  feature  of  a  musical  note  which  distinguishes  it 
from  any  other  is  called  the  quality,  or  the  timbre,  of  the  note. 
The  quality,  or  the  timbre,  of  a  note  is  that  characteristic  of  a 
musical  note  which  depends  upon  the  form  of  the  wave.  One 
sensation  will  be  produced  upon  the  ear  if  the  form  of  the  wave 
is  that  of  the  simple  sine  curve,  while  another  will  be  produced 
if  the  Avave  is  of  a  different  form,  although  both  waves  may 
have  the  same  wave  length  and  also  the  same  amplitude.  It 
is  the  quality  of  a  note  that  distinguishes  one  person's  voice 
from  another,  or  that  causes  a  note  played  upon  one  in- 
strument to  sound  entirely  different  from  the  same  note  when 
played  upon  another  instrument.  The  further  study  of  the  mat- 
ter of  quality  must  be  reserved  for  a  later  time. 

The  foregoing  conclusions  as  to  the  characteristics  of  vibra- 
tions, of  waves,  and  of  musical  notes,  and  their  dependence  one 
upon  the  other,  may  be  tabulated  in  the  following  form : 


Characterislics  of 
Vibration 

Ciiaracteristics  of 
AVave  Motion 

"\V:ivo  Len^'tli 

Amplitude 

Form  of  tiie  Wave 

Cliaraci eristics  of  a 
Mu.-^ical  Note 

Pitch 
Loudness 
Quality  or  timbre 

Period 
Amplitude 
Law  or  Motion 
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557.  The  Loudness  of  Sound.  As  has  been  pointed  out,  the 
loudness  of  a  sound  depends  upon  the  amplitude  of  the  little  air 
particle  which  strikes  the  ear,  and  therefore  ujDon  the  amplitude 
of  the  movement  of  the  ear  drum.  If  the  pitch  of  a  note  remains 
constant,  the  little  air  particle,  Avhich  will  have  to  make  one  com- 
plete vibration  in  the  period,,  will  have  farther  to  move,  and 
therefore  will  move  with  higher  velocity,  if  the  amplitude  is  great 
tlian  if  the  amplitude  is  small.     But 

Kinetic  energv  =  —  ni  r~ , 

2 

where  m  is  the  mass  of  the  particle  and  v  is  the  velocity  with 
which  it  is  moving.  Accordingly,  the  energy  of  a  particle  which 
moves  through  a  great  amplitude,  that  is,  with  a  high  velocity, 
is  greater  than  that  of  a  particle  moving  through  a  small  ampli- 
tude, or  with  a  low  velocity.  The  loudness  of  a  sound  depends, 
therefore,  upon  the  energy-  of  the  air  particles  which  strike  the 
ear. 

^Moreover,  the  energy  of  the  vibrating  particle  depends  upon 
the  square  of  its  velocity,  so  that  if  one  particle  is  moving  with 
doul)le  the  velocity  of  another,  that  is,  if  it  moves  through  twice 
the  amplitude  of  a  second  particle,  the  first  has  four  times  the 
energy  of  the  second  and  produces  a  sound  four  times  as  loud. 
Accordingly,  if  the  amplitude  of  vibration  is  doubled,  the  loud- 
ness of  the  resultant  sound  is  increased  four-fold.  The  loudness 
of  a  sound  is  therefore  proportional  to  the  square  of  the  ampli- 
tudr  of  the  vih rating  particle. 

558.  Pitch.  The  jyitcli,  of  a  musical  note  is  that  character- 
istic of  the  note  which  determines  its  position  upon  the  musical 
scale.  As  has  been  already  shown,  this  depends  upon  the  length 
of  the  wave,  or  upon  the  number  of  vibrations  per  second.  If  a 
succession  of  regular  vibrations  or  periodic  disturbances  is  made, 
the  ear  detects  these  sensations  as  individual  sounds  until  they 
exceed  in  frequency  about  30  per  second,  after  which  they  blend 
together  forming  a  musical  note,  the  pitch  of  which  depends 
upon  the  number  of  vibrations  per  second. 

This  is  nicelv  illustrated   bv  the  device  known  as  Savart's 
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wheel,  which  consists  of  a  revolving  toothed  wheel,  against  which 
is  held  a  card;  As  the  wheel  is  turned  slowly,  the  card  snaps 
from  tooth  to  tooth,  producing  a  regular  succession  of  sounds. 
As  long  as  these  vibrations  of  the  card  do  not  exceed  about  30' 
per  second,  they  may  be  recognized  as  individual  blows  against 
the  teeth  of  the  wheel;  ))ut  when  the  velocity  of  rotation  in- 
creases so  that  more  than  30  teeth  per  second  pass  under  the 
card,  the  ear  is  no  longer  able  to  recognize  these  blows  as  distinct 
sounds,  but  detects,  instead,  a  note  of  low  pitch,  into  which  these 
vibrations  all  blend.  As  the  velocity  of  rotation  is  still  further 
increased,  the  vibrations  of  the  card  become  more  and  more  fre- 
cpient.  and  the  note  thus  produced  rises  in  pitch  until  it  becomes 
very  shrill.  Indeed  if  the  number  of  teeth  on  the  wheel  and  the 
velocity  of  rotation  are  known,  the  number  of  vil)rations  per  sec- 
ond which  the  card  makes,  and  therefore  the  number  of  vibra- 
tions per  second  of  the  resulting  note,  may  be  calculated. 

Owing  to  many  irregular  vibrations  of  the  card,  the  tone  pro- 
duced by  the  employment  of  Savart's  wheel  is  so  far  from 
"pure"  that  Seebeck  was  led  to  devise  the  instrument  known 
as  the  siren  for  determining  the  number  of  vibrations  per  sec- 
ond of  any  musical  note.  Seebeck 's  siren  consists  of  a  disc,  Fig. 
366,  with  holes  at  regular  intervals  around  its  circumference, 
and  so  arranged  that  it  may  be  rapidly  rotated.  A  jet  of  air 
which  is  held  near  the  circumference  opposite  the  row  of  holes 
becomes  broken  up  into  a  series  of  regular  puffs  which  pass 
through  the  openings.  The  air,  therefore,  on  the  farther  side 
of  the  disc  is  thrown  into  a  series  of  regular  vil)rations,  the  num- 
ber per  second  depending  upon  tlie  number  of  puffs  per  second, 
and  this  latter  number  may  l)e  controlled  by  regulating  tlie  speed 
of  the  wheel.  These  puffs  soon  blend 
together  into  a  musical  note,  the 
■pitch  of  which  may  be  raised  or 
lowered  at  will,  and  the  number  of 
vibrations  per  second  is  at  once  de- 
termined by  knowing  the  number  of 
lioles  in  the  disc  and  the  velocity  of 
rotation.  When,  therefore,  it  is  de- 
sired to  learn  the  number  of  vibra- 
tions per  second  of  a  note  of  any    y^^^_  3,.,^_    s^Ji^i^^  si. on  disc. 
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given  pitch,  the  pitch  of  the  siren  is  raised,  nutil  it  agrees  ^vith 
that  of  tlie  note  to  be  determined,  and  the  number  of  vibrations 
per  second  made  by  the  siren  is  thus  ascertained.  Since  the 
pitch  of  the  two  notes  is  the  same,  the  number  of  vibrations  per 
second  must  also  be  the  same,  and  thus  the  number  of  vibrations 
of  a  note  of  any  pitch  may  be  determined. 

559.  The  Siren.  Cagniard  de  Latour  improved  the  siren  of 
Seebeck  by  so  arranging  the  mechanism  that  the  j)ressure  of  the 
air  which  passes  through  the  disc  and  forms  the  periodic  puffs 
also  turns  the  disc.  His  apparatus  consists  in  the  main  of  a 
circulr.r  box  A ,  Fig.  367,  into  which  air  is  forced,  the  top  of  the 
box  B  being  pierced  by  a  numbei-  of  oblique  holes.  Above  this, 
the  horizontal  plate  C  is  so  mounted  as  to  turn  very  freely  upon 
a  pivot.  This  plate  C  is  likewise  pierced  with  inclined  holes, 
the  holes,  however,  sloping  in  a  direction  opposite  to  those  in 
the  top  of  the  box  B.  When  air  from  a  belloAvs  is  pumped  into 
the  air  chest  A,  it  is  forced  out  through  the  inclined  holes  in  B, 
and  strikes  against  the  walls  of  the  holes  in  the  plate  C,  thus 
actually  blowing  this  plate  around,  and  making  of  it,  indeed,  a 
little  wind-mill.  AVhile  the  two  holes  are  opposite  each  other  a 
puff  of  air  passes  through,  but  this  is  soon  intercepted  by  the 

turning  of  the  plate. 
The  inertia  of  the  latter, 
however,  carries  it  on 
until  another  hole  comes 
opposite  the  lower  hole, 
when  another  puff,  of 
air  comes  through  and 
the  plate  is  again  blown 
around,  and  so  the  proc- 
ess continues.  The  ve- 
locity with  which  the 
air  is  driven  through 
these  holes,  and  conse- 
quently the  speed  at 
which  the  revolving 
plate  is  made  to  move, 
may  be  adjusted  by 
.,,-.,  „,.        regulating  the  pressure 

Cagniard  de  Latour.  o  ?=  i 
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with  which  the  air  is  forced  into  the  box  A,  and  thus  the  number 
of  puffs  per  second  which  pass  through  the  upper  phite  is  wholly 
under  controL 

As  the  instrument  is  started,  the  ear  detects  at  first  only  a 
series  of  separate  puffs,  but  these  come  faster  and  faster  until 
after  the  limit  of  30  per  second  is  reached  they  blend  into  a  note 
of  very  low  pitch.  As  the  velocity  of  rotation  increases,  the 
number  of  puffs  per  second  likewise  increases,  and  the  note  rises 
steadily  in  pitch.  A  simple  device  attached  to  the  axis  of  the 
revolving  plate  serves  to  count  the  number  of  rotations ;  and  by 
knowing  the  number  of  holes  in  the  disc,  the  number  of  puffs 
per  second,  and  therefore  also  the  number  of  vibrations  per 
second,  may  be  accurately  determined.  The  pitch  of  the  siren 
is  then  raised  until  it  coincides  with  that  of  the  note  the  number 
of  vibrations  of  which  is  to  be  determined,  and  the  counting  de- 
vice set  in  operation.  From  the  registered  number  of  rotations 
and  from  the  number  of  holes  in  the  rotating  disc,  the  number 
of  vibrations  per  second  of  the  note  emitted  by  the  siren  may 
be  ascertained ;  and  as  the  pitch  of  the  siren  coincides  with  that 
of  the  note  under  examination,  the  number  of  vibrations  per 
second  of  the  latter  note  may  thus  be  determined.  This  is  the 
usual  method  of  determining  the  number  of  vibrations  per  sec- 
ond made  by  a  tuning  fork  or  other  sounding  body. 

560.  The  Range  of  the  Human  Ear.  It  has  been  shown  that 
the  ear  is  able  to  recognize  individual  pulses  so  long  as  these 
occur  less  frequently  than  about  30  per  second.  At  a  frequency 
higher  than  this,  these  pulses  blend  together  into  a  sensation  free 
from  flutter,  though  the  true  conception  of  pitch  is  not  attained 
until  this  number  increases  to  about  40  per  second,  Avhich  cor- 
responds to  the  lowest  note  emitted  by  deep-toned  musical  instru- 
ments. As  the  frequency  increases  continuously  above  this  num- 
ber, the  ear  recognizes  a  steadily  rising  pitch  until  the  highest 
musical  notes  have  been  reached,  after  which  the  shrillness  of  the 
sound  produced  becomes  painfully  unpleasant. 

The  extreme  limit  for  the  perception  of  sound  may  be  placed, 
perhaps  at  about  32,000  vibrations  per  second,  thougli  for  all 
but  the  best  ears  a  number  smaller  than  this  by  half  is  barely 
perceptible.    The  number  of  vibrations  per  second  occurring  in 
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the  orcliestra  ranges  from  40  for  the  deepest  base  to  4752  for  the 
piccolo  flute,  so  that  the  number  available  for  ordinary  music 
may  be  placed  roughly  between  40  and  4000  jjer  second.  The 
range  of  the  musical  ear,  extending  thus  through  about  7  octaves, 
is  therefore  much  wider  than  that  of  the  eye,  which  is  sensitive 
only  to  ether  vibrations  which  are  comprised  within  the  limits 
of  a  single  octave. 

561.  Motion  of  the  Sounding  Body  Towards  or  Away  From 
the  Observer — Doppler's  Principle.  When  the  sounding  body 
and  the  observer  move  rapidly  with  reference  to  each  other  in 
the  direction  of  the  line  joining  them,  the  pitch  of  the  note  is 
changed,  being  raised  when  the  sounding  body  and  the  observer 
approach  each  other,  and  lowered  when  the  two  recede.  The 
principle  upon  which  this  effect  depends  may  be  made  much 
clearer  by  considering  an  illustration  given  by  Professor  Tait. 

If  we  think  of  a  stream  of  water  flowing  at  the  rate  of  three  feet 
per  second,  and  imagine  a  person  standing  upon  the  bank  throw- 
ing in  corks  at  the  rate  of  one  per  second,  the  corks  will  float  down 
the  stream  and  pass  an  observer  stationed  below  at  a  distance  of 
three  feet  apart.  If  the  person  now  walks  doAvn  stream  at  the 
rate  of  one  foot  per  second  and  continues  to  throw  in  corks  at  the 
rate  of  one  per  second,  the  first  cork  will  have  moved  three  feet 
down  stream  when  the  second  is  throAvn  in ;  but  in  the  mean  time 
the  person  himself  will  have  moved  down  stream  one  foot  before 
he  throws  in  the  second,  hence  the  second  cork  will  be  but  two 
-feet  from  the  first  as  they  float  down  stream,  and  an  observer 
stationed  below  will  see  the  corks  float  past  him  only  two  feet 
apart.  If  now  the  person  turns  and  walks  up  stream  at  the 
rate  of  one  foot  per  second,  still  throwing  in  corks  as  before,  the 
first  cork  will  have  floated  down  stream  three  feet  before  the 
second  is  thrown  in;  but  meanwhile  the  person  has  walked  up 
stream  one  foot,  therefore  the  second  cork  is  distant  four  feet 
from  the  first,  and  the  observer  stationed  below  perceives  the 
corks  floating  past  him  four  feet  apart.  The  person  throws  in 
corks  with  perfect  regularity,  whether  he  stands  still,  or  walks 
down  stream,  or  up  stream.  The  distance  apart  of  the  corks, 
however,  as  they  float  down  stream,  is  very  different  in  the  three 
cases.     If  the  person  walks  down  stream  throwing  in  corks  at 


THE   DoPPLER   PRINCIPLE.  691 

the  rate  of  one  per  second,  the  effect  upon  an  observer  stationed 
below  is  the  same  as  if  the  corks  were  thrown  in  at  a  more  rapid 
rate,  and  if  the  person  walks  up  stream,  the  effect  upon  the 
observer  below  is  as  if  the  corks  were  thrown  in  at  a  slower  rate. 

If  we  apply  this  illustration  to  the  case  of  the  relative  motion 
of  the  sounding  body  and  the  observer,  we  may  think  of  the 
corks  which  are  thrown  upon  the  stream  as  the  vibrations  emitted 
by  a  sounding  body.  If  the  person  who  throws  in  the  corks 
stands  still,  a  certain  number  of  corks  per  second  will  pass  an 
observer  stationed  below;  and  in  the  same  way  if  the  sounding 
body  remains  stationary,  a  certain  number  of  vibrations  per 
second  will  strike  the  ear  of  an  observer,  producing  the  impres- 
sion of  a  sound-  of  a  certain  pitch.  If,  now,  the  person  walks 
down  stream  still  throwing  in  corks,  the  corks  will  pass  the  ob- 
server closer  together,  that  is,  a  greater  number  per  second  will 
pass  him.  So  also,  if  a  sounding  body  moves  toward  an  ob- 
server, more  vibrations  will  strike  his  ear  in  a  second  of  time, 
that  is,  the  interval  from  vibration  to  vilu-ation  will  be  shorter, 
and  he  wll  have  the  impression  of  a  sound  of  higher  pitch.  But 
if  the  person  who  throws  in  the  corks  Avalks  up  stream,  the 
corks  are  farther  apart  as  they  pass  the  observer,  that  is,  a 
smaller  number  will  float  past  him  in  a  second  of  time,  and  he 
has  the  impression  that  they  are  thrown  in  more  slowly.  In  the 
same  way,  if  the  sounding  body  recedes  from  the  ear,  the  inter- 
val from  vibration  to  vibration  is  longer,  that  is,  there  are  fewer 
vibrations  per  second  than  are  produced  when  the  sounding 
body  is  stationary,  hence  the  observer  perceives  a  sound  of  lower 
pitch. 

A  motion  of  the  sounding  body  toward  the  observer,  therefore, 
raises  the  pitch  of  the  note,  while  motion  away  from  the  ob- 
server lowers  the  pitch.  This  may,  be  perceived  to  excellent  ad- 
vantage when  a  locomotive,  with  whistle  or  bell  soimdiug,  ap- 
proaches or  recedes  from  the  train  in  which  the  observer  may 
be  seated.  At  the  instant  when  the  locomotive  passes  and  now 
moves  away,  the  pitch  of  the  whistle  or  the  bell  becomes  per- 
ceptibly flat,  showing  that  fewer  vibrations  per  second  reach  the 
ear,  and  therefore  that  the  sound  is  of  lower  pitch.  A  slightly 
smaller  change  of  pitch  is  produced  when  the  observer  instead 
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of  the  sounding  body  moves  in  the  direction  of  the  straight  line 
joining  the  two. 

This  effect  of  the  change  in  the  pitch  of  a  note,  due  to  the 
relative  motion  of  the  source  of  sound  and  the  observer,  is  known 
as  the  Doppler  principle.  Another  beautiful  illustration  of  this 
principle  will  be  pointed  out  under  the  subject  of  light. 

562.  The  Musical  Scale.  From  very  early  times  and  by  all 
civilizations  it  has  been  recognized  that  certain  successions  of 
musical  sounds  produce  pleasing  sensations  upon  the  ear.  More- 
over, even  in  primitive  ages  it  was  perceived  that  sentiments 
and  emotions  could  be  expressed  by  musical  notes ;  and  with  the 
ancient  Greeks  especially,  recitations  were  accompanied  by  a 
kind  of  declamatory  music,  in  which  notes  resembling  the  modu- 
lations of  the  human  voice  were  used  to  assist  in  the  delineation 
of  feeling.  In  the  sixth  century  B.  C,  Pythagoras  determined 
the  succession  of  eight  notes  which  produce  a  pleasurable  sensa- 
tion Avhen  sounded  one  after  the  other,  and  which  are  known  as 
the  musical  scale.  Not  only  this,  but,  by  experimenting  witli 
stretched  strings  of  different  length,  he  determined  the  relations 
whi<',h  must  exist  between  these  notes  to  produce  this  pleasing 
effect.  So  satisfactory  and  sufficient  did  this  Pythagorean  scale 
prove  to  be,  that  it  remained  in  general  use  until  the  sixteenth 
century,  and  even  then  underwent  only  a  gradual  development 
into  the  two  scales,  the  major  and  the  minor,  which  are  in  use 
at  the  present  day. 

As  the  major  scale  now  exists,  it  consists  of  a  succession  of 
eight  notes,  designated  by  the  letters  of  the  alphabet,  beginning 
with  the  letter  C,  as  follows: 

C        D        E        F         G        A        B        C 

In  music  the  first  note  of  the  scale  gives  character  or  tone  to  the 
entire  scale  and  to  the  music  played  therein,  and  is  known  as  the 
keynote,  or  tonic.  We  thus  have  the  scales  of  C,  D,  E,  etc.  The 
pleasurable  sensation  which  results  when  the  eight  notes  of  the 
scale  are  sounded  successively,  or  Avhen  certain  combinations  are 
played  together,  depends  only  upon  the  relative  vibration-fre- 
quencies of  these  notes  and  not  upon  their  absolute  number,  as 
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may  be  observed  when  a  certain  group  is  played  in  one  octave, 
and  when  the  same  group  is  played  in  the  octave  above.  In 
both  instances,  the  ear  recognizes  the  same  pleasing  sensation, 
although  the  actual  number  of  vibrations  per  second  made  by 
am'-  note  is  tAvice  as  great  in  the  latter  case  as  in  the  former. 

The  ratio  of  the  vibration-frequencies  of  any  two  notes  is 
called  the  interval  between  these  notes.  The  interval  is  always 
expressed  as  a  fraction,  of  which  the  vibration-frequency  of  the 
higher  note  is  the  numerator  and  that  of  the  lower  note  is  the 
denominator.  It  has  been  found  that  for  every  vibration  per 
second  made  by  the  first  note  of  the  scale,  the  relative  vibration- 
frequencies  of  the  succeeding  notes  may  be  indicated  bj^  the  fol- 
lowing fractions : 

C' 


c 

D 

E 

F 

G 

A 

B 

1 

9 

5 

4 

3 

5 

15 

These  fractions  indicate,  therefore,  the  musical  interval  which 
exists  between  the  first  note  of  the  scale  and  the  succeeding  notes. 
That  is,  for  every  vibration  which  C  makes,  D  makes  9/8  as 
many,  or,  w^hile  C  is  making  8  vibrations,  D  is  making  9.  In 
the  same  way,  for  every  vibration  which  C  makes,  E  makes  5/4 
as  many,  or,  while  C  is  making  4  vibrations  E  is  making  5,  and 
so  on.  Whatever,  therefore,  may  be  the  actual  number  of  vibra- 
tions per  second  of  a  particular  note,  the  eighth  note  above  this 
will  make  twice  as  many  vibrations,  and  is  known  as  the  octave. 
In  a  similar  manner  we  may  determine  the  interval  between 
each  note  and  the  one  succeeding.  The  interval  between  C  and 
D  is  9/8,  as  we  have  seen.  In  the  same  wa^-  the  interval  between 
D  and  E  is : 


JL  _    1^ 
9^~     0 

8 

and  so  on.  The  detenniuation  of  the  interval  between  each  note 
and  the  note  following  gives  the  series  of  fractions  indicated  be- 
low : 
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C        D 

E 

F 

G 

A 

B         C 

9 
1           — 

8 

5 

4 

4 
3 

3 
2 

5 

3 

15 

_           2 

8 

9 

10 

16 

9 

10 

9 

16 

8 

9 

15 

8 

9 

8 

15 

An  examination  of  these  fractions  shows  that  there  are  only 
three  different  intervals  between  the  successive  notes  of  the 
octave,  and  that  these  intervals  are  arranged  in  a  perfectly 
definite  order.  The  interval  between  C  and  D  is  not  the  same 
as  that  between  D  and  E,  while  both  of  these  are  very  different 
from  that  between  E  and  F.  The  interval  between  C  and  D  is 
known  as  a  major  whole  tone,  that  between  D  and  E  a  minor 
whole  tone,  while  the  interval  between  E  and  F  is  called  a  major 
semitone.  Another  interval  of  great  importance  occurs  in  music, 
although  it  is  not  found  in  the  simple  scale,  and  that  is  the  in- 

25 
terval  ~-,.    This  is  known  as  the  minor  semitone. 

The  succession  of  eight  notes  which  we  recognize  as  the  musi- ' 
cal  scale  muvSt  be  so  related  to  one  another  that  the  seven  inter- 
vals between  them  must  be  in  the  order  of  the  last  named  series 
of  fractions.  If  the  first  note  of  the  scale  w^ere  always  C,  these 
eight  notes  would  then  be  already  in  the  order  necessary  to  give 
the  pleasurable  sensation,  and  no  further  notes  would  be  needed. 
"When,  however,  some  other  note,  as  for  instance  D,  is 
made  the  tonic,  then  these  intervals  do  not  succeed  one  another 
in  the  proper  order,  and  other  notes,  known  as  the  sharps  and 
flats,  must  be  inserted  in  order  that  the  same  series  of  intervals 
may  follow  and  the  same  harmonious  effect  be  produced.  This 
insertion  of  additional  notes  between  the  original  notes  of  the 
scale  consists  in  raising  certain  notes  by  a  minor  semitone.  Rais- 
ing a  note  to  its  sharp  is  effected  therefore  by  multij^lying  the 

vibration  frequency  of  that  note  by  ^,  and  lowering  a  note  to 

its  flat  consists  in  multiplying  the  vibration  frequency  by  .^• 

Accordingly,  in  order  to  use  each  of  the  seven  notes  of  the  scale 
as  a  tonic,  it  is  necessary  to  provide  each  note  with  a  sharp  and 
with  a  flat,  thus  making  twenty-one  notes  in  all.    Moreover,  since 
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it  is  jDOssible  to  use  each  sharp  and  also  each  flat  as  a  tonic,  each 
sharj:)  must  itself  be  provided  with  a  sharp,  and  each  flat  like- 
wise provided  with  a  flat ;  so  that  in  order  to  maintain  the  strict 
relationship  between  the  relative  vibration  frequencies  when 
each  note  in  turn  is  used  as  the  tonic,  it  is  necessary  to  have 
thirty-five  notes  in  the  octave.  Indeed,  Helmholtz  constructed 
an  harmonica  having  this  theoretical  number  of  keys,  and  it  was 
found  that  the  same  perfect  succession  of  sounds  was  produced 
whatever  note  of  the  scale  was  used  as  a  tonic. 

On  account,  how^ever,  of  the  unwieldiness  and  the  difficulty  of 
playing  so  elaborate  an  instrument,  it  was  found  necessary  very 
early  in  the  history  of" music  to  limit  the  number  of  kej's  in  the 
octave,  and  twelve  in  all  seemed  the  most  feasible  number.  Ac- 
cordingly, between  every  two  notes  a  major  whole  tone  or  a  minor 
whole  tone  apart,  there  was  inserted  a  single  extra  (black)  key 
instead  of  the  four  which  properly  belong  there,  and  the  pitch 
of  this  note  was  so  adjusted  that,  while  it  was  not  perfectly  cor- 
rect for  any  one  scale,  it  would  do  for  all  without  making  very 
serious  discord.  The  eight  principal  notes  of  the  scale  were 
then  likewise  adjusted  until  they  would  produce  the  least  dis- 
cord with  the  additional  half  tones  which  had  been  inserted. 
This  j)rocess  thus  of  changing  the  vibration-frequencies  of  the 
notes  of  the  scale  so  as  to  obtain  the  least  discordant  result  when 
the  notes  of  the  keyboard  were  limited  to  twelve  was  called 
tempering  the  scale.  Naturally  this  method  of  varying  and 
adjusting  the  notes  gave  rise  to  great  confusion,  and  previous  to 
the  time  of  Bach  a  number  of  different  temperaments  were  in 
existence. 

As  the  best  means  of  tempering  the  scale,  Bach  proposed  to 
divide  the  octave  into  twelve  equal  intervals,  that  is,  so  that 
the  interval  between  any  two  adjacent  notes  would  be  the  same 
as  that  between  any  other  two  adjacent  notes.  This  plan  of 
tempering  the  scale  which  was  adopted  at  that  time  is  still  in 
use,  and  is  known  as  Bach's  even  temperament.  Accordingly, 
on  an  instrument  such  as  the  piano  which  has  a  fixed  key-board, 
the  octaves  arc  the  only  notes  which  are  in  perfect  Record,  since 
all  the  others  have  had  their  vibration  frequencies  changed  a  little 
in  order  to  divide  the  octave  into  twelve  equal  intervals.  ]\Iusic, 
therefore,  which  is  played  upon  an  instrument  with  fixed  keA'S 
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is  far  from  perfect ;  and  we  have  simply  trained  our  ears  not 
to  mind  the  discord  which  is  always  present,  even  when  the 
instrument  is  in  so-called  perfect  tune.  Upon  an  instrument, 
however,  like  the  violin,  where  the  number  of  keys  is  not  limited, 
but  where  the  pitch  of  the  note  depends  upon  the  length  of  the 
string,  the  skillful  player,  by  properly  adjusting  this  length, 
can  give  the  various  tones  their  theoretical  number  of  vibrations, 
and  thus  can  produce  music  far  more  perfect  and  of  a  higher 
order.  It  follows,  therefore,  that  if  the  violin  player  Avere  to 
play  correctly,  he  would  be  out  of  tune  with  the  accompanying 
piano. 

From  the  diagram  herewith  given,  Fig.  368,  a  comparison  may 
be  obtained  between  the  perfect  scale  and  the  modern  scale  of 
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Fig.  368.     Comparison  between   tiie  Pythagorean   scale,   the  perfect  nia.ior  scale 
with  its  sharps  and  flats,  and  the  modern  scale  of  even   tompeiameut. 


even  temperament.  In  many  instances  it  is  evident  that  the  dis- 
crepancy between  the  two  is  wide,  and  that  modern  music  must 
lack  greatly  in  sweetness  and  character.  A  return  to  the  perfect 
scale  is  therefore  earnestly  to  be  desired;  and  although  a  cer- 
tain brilliancy  of  execution  might  be  sacrificed  because  of  a 
more  complicated  key-board,  the  greater  beauty  and  harmony 
which  would  then  result  would  more  than  compensate  for  this 
small  loss. 

The  modern  minor  scale  is  formed  likewise  of  eight  notes,  and 
consists  of  the  following  relative  vibration-frequencies  and  in- 
tervals : 
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It  is  thus  seen  that  the  minor  scale  is  composed  of  the  same 
intervals  as  the  major  scale,  but  differently  arranged.  Strangely 
enough,  another  form  of  the  minor  scale  exists,  of  which  the  first 
half  consists  of  the  minor  scale  given  above,  while  the  second 
half  is  formed  from  the  major  scale,  as  follows : 
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The  latter  arrangement  of  notes  is  preferred  for  the  ascendii'g 
minor  scale,  while  the  former  is  used  for  the  descending  scale. 

The  difference  between  the  major  and  the  minor  scales  in  the 
impression  produced  upon  the  ear  seems  the  more  remarkable 
when  we  remember  that  this  distinction  is  brought  about  only 
by  a,  rearrangement  of  the  successive  intervals.  The  major  scale 
as  well  as  the  music  written  therein  is  characterized  by  a  certain 
freedom,  clearness,  tranquility,  happiness,  while  music  in  the 
minor  scale  depicts  suffering,  remorse,  unhappiness,  and  es- 
pecially doubt  and  indecision. 

"Whenever  two  or  more  notes  are  sounded  together,  the  sensa- 
tion is  harmonious  or  discordant  according  to  the  relative  vibra- 
tion-frequencies of  the  notes.  It  is  found  that  if  the  relative 
vibration-frequencies  may  be  expressed  by  small  numbers,  the 
resulting  sound  is  pleasing;  but  if  these  can  be  expressed  only 
by  large  numbers,  the  resulting  sound  is  thoroughly  disagree- 
able. The  farther  the  relative  vibration-frequencies  depart  from 
unity,  that  is,  the  larger  the  numbers  which  express  the  relative 
numlier  of  vibrations,  the  more  acute  is  the  discord. 

Thus,  a  note  and  its  octave,  the  relative  number  of  vibrations 
of  which  are  1  and  2,  give  a  perfect  accord,  since  the  numbers 
expressing   the    relative    vibration-frequencies    are    small.      So, 
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also,  when  C  and  G  are  sounded  together,  ^\e  have  a  very  smooth, 
harmonious  resultant  sound,  since  the  numbers  expressing  their 
relative  vibration-frequencies,  namely  2  and  3,  are  likewise  small. 
In  the  same  way,  C  and  E  give  a  f)leasurable  sensation  when 
sounded  together,  although,  the  trained  ear  detects  a  slight 
roughness  not  noticed  in  either  of  the  other  combinations.  If, 
however,  E  and  G  are  sounded  together,  we  have  here  two  notes 
which  have  vibration-frequencies  represented  by  5  and  6,  and 
the  resulting  tone  has  a  roughness  which  differs  but  little  from 
discord.  The  case  is  still  more  extreme  when  C  and  D  or  when 
B  and  C  ai*e  sounded  together,  the  sound  then  being  exceedingly 
disagreeable. 

Four  notes,  C,  E,  G,  C,  having  the  relative  vibration-fre- 
quencies 4,  5,  6,  8,  gives  a  particularly  agreeable  sound  which  is 
known  as  the  major  chord.  Four  other  notes.  A,  C,  E,  A',  hav- 
ing the  relative  vibration-frequencies  10,  12,  15,  20,  likewise 
form  n  pleasurable  combination  known  as  the  minor  chord.  The 
cause  of  the  greater  uncertainty  and  unrestfulness  depicted  by 
the  latter  chord -is  found  in  the  phj'sical  fact  that  the  relative 
vibration-frequencies  are  expressed  by  much  larger  numbers.  In 
writing  music,  the  composer  unconsciously  expresses  his  thoughts 
in  combinations  of  notes  which  have  among  themselves  small  or 
large  relative  vibration-frequencies,  according  as  he  wishes  to 
express  sentiment  of  a  harmonious  or  discordant  nature.  Thus 
happiness  and  contentment  are  expressed  by  music  written  in 
fifths  (the  interval  from  C  to  G)  or  in  thirds  (the  interval  from 
C  to  E),  while  pain,  unhappiness,  discontent,  suffering,  etc.,  are 
expressed  by  music  written  in  sevenths  (the  interval  from  C  to 
B).  The  reason  as  to  why  sensations  are  harmonious  or  discord- 
ant according  as  the  relative  vibration-frequencies  are  small  or 
large  will  be  better  understood  later,  after  we  have  examined  the 
resulting  form  of  the  wave  actuated  by  two  vibrations. 

In  all  that  has  been  said  about  the  musical  scale,  no  reference 
has  yet  been  made  to  the  actual  number  of  vibrations  which  pro- 
duce the  various  notes.  At  the  time  of  Bach  and  Hilndel,  the 
number  of  vibrations  per  second  made  by  the  note  A  was  422.5, 
and  at  the  beginning  of  the  eighteenth  century  it  was  as  low  as 
405.  It  was  found,  however,  that  a  certain  brilliancy  is  added 
to  music  by  raising  the  standard  of  pitch,  and  in  1857  in  the 
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European  opera  it  reached  the  number  448.  Because  of  the 
difficulty  in  singing  at  so  high  a  pitch,  this  number  has  since 
been  reduced  until  it  is  now  435.  A  standard  xV-tuning  fork 
making  435  vibrations  per  second  has  been  deposited  in  the 
conserv^atory  at  Paris,  and  this  has  been  universally  adopted  as 
the  standard  of  pitch.  In  physics,  however,  the  number  of  vi- 
iH'ations  per  second  of  middle  C  on  the  scale  has  been  retained 
at  256,  which  is  a  very  convenient  number  inasmuch  as  it  is  the 
eighth  power  of  2,  although  this  note  is  of  lower  pitch  than  the 
corresponding  note  of  the  scale  in  which  music  is  now  univers- 
ally played. 


CHAPTER  L. 

RESONANCE. 

563.  Sympathetic  Vibrations.  If  we  have  a  heavy  cannon 
ball  suspended  by  a  stout  rope,  and  attempt  to  move  it  out  of 
its  position  of  equilibrium  by  striking  it,  Ave  shall  find  that  even 
quite  a  severe  blow  will  have  but  little  effect  upon  it.  If  we  now 
attach  to  it  a  slender  thread — a  thread  so  delicate  that  it  would 
not  support  the  one-hundredth  part  of  the  weight  of  the  ball — 
and  exert  a  slight  pull  upon  it,  the  effect  produced  will  be  al- 
most imperceptible.  If,  however,  we  pull  upon  the  thread  at 
regular  inteiwals,  the  time  between  pulls  being  exactly  that  re- 
quired for  the  cannon  ball  to  make  one  complete  vibration,  we 
shall  find  that  the  first  pull  causes  it  to  move  forward  and  back 
through  a  distance  so  small  that  it  can  hardly  be  detected.  The 
ball,  however,  does  execute  a  vibration  of  very  small  amplitude ; 
and  if  the  second  pull  comes  just  as  the  ball  swings  forward  the 
second  time,  the  effect  of  this  second  pull  is  added  to  that  of  the 
first,  and  the  amplitude  of  the  vil)ration  is  increased.  So,  also, 
if  other  pulls  come  at  exactly  equal  intervals,  each  pull  coming 
just  as  the  ball  is  moving  forward,  the  cumulative  effect  of  these 
all  but  imperceptible  impulses  will  be  to  produce  a  vibration 
through  a  very  considerable  amplitude. 
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If,  instead  of  pulling  the  ball  by  a  bit  of  thread,  a  puff  of  air 
is  directed  against  it,  the  effect  of  a  single  puff  is  very  slight  in- 
deed in  the  motion  which  it  communicates,  but  it  neverthe- 
less causes  the  ball  to  vibrate  through  a  small  amplitude.  If  now 
a  second  puff  comes  just  after  the  ball  has  completed  the  minute 
vibration  caused  by  the  first,  the  effect  of  the  second  is  added 
to  that  of  the  first,  and  the  ball  vibrates  with  greater  amplitude. 
In  the  same  way,  if  a  whole  series  of  puffs  isi  directed  against 
the  ball,  each  one  coming  just  as  the  ball  is  about  to  begin  a 
new  vibration,  the  effects  of  the  puffs  are  additive,  and  the  ball 
is  soon  thrown  into  a  vibration  of  comparatively  large  ampli- 
tude. Everything  in  this  experiment  depends  upon  the  fact  that 
the  pulls  upon  the  thread  or  the  puffs  of  air  against  the  ball 
must  be  of  exactly  the  same  pcr,.od  as  the  vibration  of  the  ball 
itself,  so  that  each  impulse,  although  slight,  may  come  in  the 
proper  phase  to  re-enforce  the  vibrations  which  have  already 
been  imparted. 

When  one  vibrating  body  thus  causes  another  of  the  same 
period  as  itself  to  vibrate,  the  vdbrations  of  the  latter  are  said 
to  be  sympathetic.  A  beautiful  illustration  of  sympathetic  vi- 
brations is  shown  by  a  number  of  pendulums  suspended  from  a 
frame.  If  one  pendulum  is  set  in  vibration,  it  will  impart  a 
slight  movement  to  the  supporting  frame,  this  small  motion  of 
the  frame  coinciding  in  period  with  the  vibration  of  the  pendu- 
lum. All  the  other  pendulums  will  then  receive  a  slight  impulse, 
tending  to  make  them  swing  back  and  forth.  If  their  periods, 
however,  are  different  from  that  of  the  first,  these  small  im- 
pulses which  are  communicated  through  the  frame  will  not  come 
at  the  right  time  to  produce  an  additive  effect,  hence  no  vibra- 
tion will  be  imparted  to  the  others.  But  if  there  is  one  among 
this  number  which  has  the  same  period  as  the  first,  a  second 
impulse  which  is  transmitted  through  the  frame  will  increase 
the  slight  vibration  produced  by  the  first.  Other  impulses  will 
then  follow  in  exactly  the  right  phase  to  make  the  motion  each 
time  a  little  greater,  hence  this  pendulum  will  in  time  acquire  a 
very  considerable  motion.  One  vibrating  pendulum,  therefore. 
will  set  in  vibration  another  which  has  the  same  period  as  itself, 
if  the  two  are  so  mounted  that  the  impulse  from  one  may  be 
communicated  to  the  second.     Since  the  motion  of  the  second 
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represents  a  certain  amount  of  energy,  and  since  this  motion  is 
derived  from  that  of  the  first,  the  second  pendulum  is  thrown 
into  vibration  at  the  expense  of  the  energy  of  the  first,  and  the 
first  is  brought  quickly  to  rest.  It  is  now  possible  for  the  same 
process  to  be  repeated  in  the  reverse  order,  the  second  pendulum 
imparting  motion  to  the  first,  and  being  itself  brought  to  rest. 

What  has  been  said  of  sympathetic  vibrations,  is  also  true  when 
the  bodies  are  much  smaller  than  the  massive  ones  here  consid- 
ered, and  when  the  impulses  are  far  more  delicate  than  the 
mechanical  pulls  or  puffs  or  movements  here  imagined.  If  one 
tuning  fork  is  caused  to  vibrate  and  is  placed  near  another  of 
exactly  the  same  pitch  as  itself,  the  periodic  condensations  of 
the  air  caused  by  the  first  fork  strike  the  second  with  perfect 
regularity,  and  produce  upon  it  the  same  effect  as  the  periodic' 
puff's  of  air  produced  upon  the  cannon  ball.  The  first  conden- 
sation of  the  air  causes  a  slight  back  and  forth  excursion  of  the 
prongs  of  the  second  fork,  and  after  this  completes  its  first  very 
small  vibration,  another  condensation  comes  just  as  the  prongs 
are  about  to  begin  their  second  vibration.  The  effect  of  the 
second  disturbance  is  added  to  that  of  the  first,  and  the  fork  vi- 
brates with  a  greater  amplitude.  This  process  continues  until 
the  amplitude  of  th'e  second  fork  is  sufifieiently  great  to  produce 
a  sound  loud  enough  to  be  heard.  Indeed,  if  the  two  forks  are 
widely  separated,  and  one  is  made  to  vibrate  by  bowing  or 
striking,  the  other  will  be  heard  almost  inunediately.  If  the 
second  is  bowed,  the  first  will  respond  in  like  manner. 

So  also  if  the  two  strings  of  a  sonometer  are  tuned  to  unison 
and  one  is  made  to  vibrate,  the  other  is  thrown  at  once  into 
vibration.  If  the  first  is  then  stopped,  the  second  will  be  heard 
emitting  a  note  of  the  same  pitch  as  the  first.  Indeed,  if  the 
first  is  made  to  vibrate  in  two  segments  so  as  to  give  the  first 
harmonic  of  the  fundamental,  the  second  will  be  thrown  into 
similar  vibrations,  as  may  be  shown  bj^  the  fact  that  little  paper 
riders  placed  upon  this  string  will  be  tlirown  off  except  the  one 
in  the  middle,  where  there  is  a  node.  If  the  first  string  subdi- 
vides into  three  segments,  the  second  may  be  shown  by  the  paper 
riders  likewise  to  be  vibrating  in  three  segments  and  emitting 
its  second  harmonic,  and  so  on.  In  the  same  way  the  phe- 
nomenon of  sympathetic  vibrations  may  be  beautifully  shown 
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by  having  two  Chladni  plates  exactly  alike,  and  setting  one  in 
vibration  by  bowing.  The  sand  will  gather  along  the  nodal  lines, 
showing  that  vibrations  of  a  certain  character  exists  upon  the 
plate.  If  sand  is  now  scattered  npon  the  second  plate,  and  this 
is  held  near  the  first,  the  second  will  be  thrown  into  vibrations 
similar  to  the  first.  Fig.  369,  as  will  be  shown  by  the  sand  pattern 
npon  the  second  plate  appearing  identical  with  that  on  the  first. 
A  stretched  string,  or  a  vibrating  reed,  or  a  column  of  air, 
since  its  own  period  of  vibration  is  fixed,  can  be  thrown  into 
sympathetic  vibrations  only  when  a  note  of  exactly  the  same 
pitch  as  that  which  it  itself  emits  is  sounded  near  it.  A  stretched 
membrane,  however,  responds  to  any  sound  and  vibrates  sympa- 
thetically Math  it.  This  is  undoubtedly  due  to  the  fact  that  a 
membrane  readily  divides  into  smaller  vibrating  segments,  so 
that  when  almost  any  sound  is  made  before  it,  it  so  subdivides 
that  it  is  thrown  into  vibrations  which  coincide  in  period  with 
those  made  near  it.  In  other  words,  it  is  only  to  a  very  slight 
extent  that  a  stretched  membrane  has  a  period  oi  vibration  pe- 
culiar to  itself.  A  membrane,  therefore,  is  very  ready  to  break 
up  into  a  series  of  vibrating  segments  sej)arated  bj-  nodal  lines;, 
and  the  particular  combination  of  vibrating  segments  is  differ- 
ent whenever  different  sounds  are  made  before  it.  In  this  way 
the  drum  of  the  ear  vibrates  in  unison  with  any  sound  that  is 

made  before  it.  thereby  enabling 
us  to  hear  sounds  which  differ 
greatly  in  pitch  and  quality. 
Furthermore,  it  is  upon  this 
principle  that  the  action  of  the 
telephone  depends,  for  here, 
likewise,  we  have'  a  diaphragm 
which  vibrates  in  unison  with  al- 
most any  sound.  In  a  few  in- 
stances, however,  the  telephone 
fails  to  vibrate  sympathetically 
with  sounds  made  before  it,  and 
therefore,  as  is  well  known,  there 
this   instrument  does  not  transmit  as. 


Fig.    369.     Sympathetic    vibrations 
shown    by    Chladni    plates. 


are  certain  sounds  which 
readily  as  others. 
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564.  Forced  Vibrations.  The  phenomenon  of  sympathetic 
vihrations  occurs,  as  we  have  seen,  only  when  the  natural  or 
free  period  of  the  second  body  is  exactly  the  same  as  that  of 
the  first.  Each  impulse  received  from  the  first  then  coincides 
in  phase  with  the  vibrations  which  have  already  been  imparted 
to  the  second,  so  that  the  latter  is  thrown  into  vibrations  of  its 
own  free  period. 

The  situation  is  different,  however,  when  the  first  vibrating 
body  imposes  its  own  motion  upon  the  second,  although  the  free 
periods  of  the  two  may   differ  widely.     In  this 
case  the   second   is  forced   to   vibrate  with   the 
'^  period  of  the  first,  giving  rise  to  the  phenomenon 

\  known  as  forced  vihrations.     This  may  be  illus- 

\  trated  by  suspending  a  small  pendulum  from  m 

\^        long,  massive  one,  Fig.  370,  and  setting  both  in 
(^  )      viljration.     The  smaller  pendulum,  though  tend- 
ing to  viljrate  with   a   much   shorter   period,  is 
_,,.'j      nevertheless  carried  along  by  the  larger  one,  and 
^       „„-       ^,       after  an  interval  of  irregular  motion,  the  two 

Fig.    3(0.        The  '^ 

smaller  pendu-     reach  a  condition  of  equilibrium  in  which  the 

lum       vibratps 

with       forced     smaller  is  compelled  bv  the  vibrations  which  are 

vibrations.  .  . '  n  i      ■■, 

thus  impressed  upon  it  to  execute  a  forced  vibra- 
tion Avhich  is  very  dift'erent  from  its  own  free  period. 

In  this  way  a  tuning  fork  causes  forced  vibrations  to  occur  in 
the  resonating  box  upon  which  it  is  mounted.  Similarly,  a  vi- 
brating tuning  fork,  held  against  a  door,  throws  the  latter  into 
a  forced  vibration  of  the  same  period  as  itself,  whereby  the 
volume  of  the  sound  emitted  by  the  fork  is  greatly  increased. 
The  same  effect  is  produced  when  the  fork  is  held  against  the 
end  of  a  long  rod  which  itself  rests  against  the  door,  the  entire 
system  of  rod  and  door  then  being  compelled  to  vibrate  with 
forced  vibrations  in  the  same  period  as  the  fork.  It  is  upon 
the  principle  of  forced  vibrations  that  the  sounding  board  of  a 
musical  instrument  is  made  to  vibrate  in  unison  with  the  strings 
which  rest  upon  it.  By  its  own  vibration  and  that  Avliich  it 
imparts  to  the  adjacent  air,  it  greatly  reenforces  the  sound  from 
the  strings,  which  would  otherwise  be  feeble  and  ineffectual. 

565.  The  Reenforcement  of  Sound — Resonance.  When  one 
vibrating  body  throws  another  into  sympathetic  vibrations,  the 
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latter  body  by  its  motion  sets  in  vibration  a  larger  mass  of  air, 
and  the  intensity  of  the  sound  which  is  thus  produced  is  greatly 
increased.  This  rcenforcement  of  a  sound  by  the  synchronous 
vibration  of  another  body  is  known  as  resonance.  A  column  of 
air  of  a  particular  length  may  be  thrown  into  vibration  by  a 
sound  of  a  definite  pitch,  so  that  this  column  vibrates  in  unison 
with  the  sound  and  reenforces  it.  Such  a  column  of  air,  there- 
fore, serves  as  an  excellent  resonator  for  a  sound  of  one  particu- 
lar pitch. 

This  may  be  nicely  illustrated  by  removing  a  vibrating  tuning 
fork  from  its  resonating  box  and  liolding  it  over  the  inouth  of  a 
tall,  narrow  jar,  at  the  same  time  pouring  in  water.  Fig.  371. 
The  fork  by  itself  is  almost  inaudible ;  but  when  the  column  of 
air  in  the  tube  above  the  water  has  reached  a  perfectly  definite 
length,  the  vibrations  of  the  fork  are  strongly  reenforced,  and 
the  former  feeble  sound  becomes  one  of  great  volume.    If  more 

water  is  added,  thus  shortening  the 

f — ^" '  column  of  air  by  ever  so  little,  the 

^   --■v---':^^^  intensity  of  the  sound  diminishes  at 

once,  showing  that  the  perfect  reso- 
nance, and  therefore,  also,  the  syn- 
chronous vibration  of  the  column  of 
air  with  the  tuning  fork,  can  occur 
only  when  the  air  column  is  of  a  per- 
fectly definite  length.  What  this 
length  is  for  a  note  of  a  certain  pitch 
may  be  determined  by  analyzing  the 
disturbances  which  take  place  in  the 
air  column  during  one  complete  vi- 
bration of  the  fork.  For  the  sake  of 
simplicity,  we  shall  consider  the  vi- 
bration of  but  a  single  prong,  and 
shall  further  assume  that  the  column  of  air  has  been  adjusted 
to  such  a  length  that  the  greatest  rcenforcement  of  the  sound 
occurs. 


Fig. 


n.     The    resonance   of   a 
column    of    air. 


566.  The  Fundamental  Vibration  of  a  Column  of  Air  Closed 

at  One  End.     Let  us  assume  that  o.  Fig'.  372,  is  the  po&ltion  of 
equilibrium  of  the  prong,  and  that  the  fork  vibrates  through  the 
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amplitude  oa  or  oh,  that  is,  in  one  complete  vi-     .^ a 

bration  the   prong  moves   from   the  position  a        """" b 

down  to  the  position  &  and  back  again  to  a.  If 
then  the  prong  is  at  a  and  just  about  to  move, 
the  motion  dowuAvard  condenses  tlie  air  imme- 
diately beneath,  this  in  turn  condenses  the  air 
farther  down,  and  so  a  Avave  of  condensation 
moves  doAvn  the  tube.  At  the  bottom  this 
wave  of  condensation  is  reflected  with  change  ^ig  st-?  Funda- 
of  sign  (p.  665),  and  now  moves  as  a  condensa-  'of^ column' of* a*!? 
tion  up  the  tube,  reaching  the  mouth  just  as  end*^*^  ^*  °"^ 
prong  has  reached  its  lowest  position  5.  That 
is,  during  the  time  in  Avhich  the  prong  has  been  moving  from  a 
to  &,  the  wave  of  condensation  has  travelled  down  the  tube  and 
back  again  to  the  mouth. 

Since  the  disturbance  can  move  more  freely  in  the  outside  air 
than  in  the  air  enclosed  by  the  rigid  Avails  of  the  tube,  a  little  air 
particle  in  this  Avave  of  condensation,  Avhich  has  noAV  returned 
to  the  mouth  of  the  tube,  moves  farther  than  any  other  particle. 
The  larger  movement  of  this  little  air  particle  causes  a  rarefac- 
tion to  be  formed  behind  it,  and  this  likeAvise  is  propagated 
doAvnAvard.  In  other  Avords,  this  condensation,  Avhich  has  trav- 
elled doAA^n  the  tube  and  back  again  to  the  mouth,  meets  here  the 
outside  air,  and  in  this  it  can  move  AAith  greater  freedom  than  in 
the  air  enclosed  by  the  Avails  of  the  tube  in  Avhich  it  has  beeii 
traA^elling.  Reflection,  therefore,  ivitlwut  cliange  of  sign  (p.  666) 
but  witli  the  loss  of  lialf  a  wave  length  occurs  at  this  point;  and 
the  condensation  Avhich  has  been  travelling  up  the  tul^e  is  re- 
flected at  the  mouth  as  a  rarefaction  Avhich  noAV  starts  doAvn. 
MoreoA'er,  this  has  all  been  accomplished  AAdiile  the  prong  has 
been  moAdng  from  a  to  h,  so  that  the  prong  is  noAv  about  to  move 
upAvard. 

As  the  prong  moves  upAvard,  a  rarefaction  is  left  behind  it, 
the  particles  of  air  immediately  beneath  rush  into  this  rarefac- 
tion, leaving  a  rarefaction  behind  them,  and  in  this  Avay  a  Avave 
of  rarefaction  is  propagated  doAvn  the  tube.  Since  this  rare- 
faction produced  by  the  upAvard  movement  of  the  prong  coin- 
cides with  the  one  produced  by  the  reflection  of  the  condensa- 
tion at  the  mouth  of  the  tube,  a  rarefaction  of  increased  ampli- 
tude travels  doAA-n  the  tube.  At  the  bottom  it  is  reflected  Avith 
change  of  sign  and  comes  back  as  a  rarefaction,  arriving  at  the 
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mouth  of  the  tube  just  as  the  prong  of  the  fork  reaches  the  posi- 
tion a.  Accordingly,  while  the  prong  has  heen  moving  from  & 
to  a,  a  wave  of  rarefaction  has  travelled  dowii  the  tube  and  back 
again  to  the  mouth. 

It  is  thus  seen  that  while  the  fork  has  been  making  one  com- 
plete vibration,  the  disturbance  has  travelled  down,  the  tube  and 
back  again  as  a  condensation,  and  down  the  tube  and  back  again 
as  a  rarefaction.  In  other  words,  the  length  of  the  tube  has 
been  travelled  four  times  during  the  time  of  one  vibration,  and 
therefore,  (p.  658)  the  wave  length  of  the  sound  is  four  times 
the  length  of  the  tube.  When  the  rarefaction  which  has  been 
propagated  up  the  tube  reaches  the  mouth,  it  is  there  reflected  as 
a  condensation  w^hich  starts  at  once  down  the  tube.  This  agrees 
exactly  in  phase  with  the  condensation  which  the  prong  sends 
out  as  it  begins  its  second  vibration  downward,  and  hence  these 
unite  in  producing  a  condensation  of  greater  amplitude,  which 
is  sent  down  the  tube.  In  this  way  the  entire  column  of  air 
within  the  tube  is  thrown  into  vibration,  these  vibrations  agree- 
ing precisely  in  phase  with  those  of  the  fork,  and  thus  the  in- 
tensity of  the  sound  emitted  by  the  fork  is  greatly  increased.  If 
the  length  of  the  column  of  air  should  diif er  by  ever  so  little  from 
this  particular  amount,  these  vibrations  would  not  occur  in 
perfect  unison  with  those  of  the  fork,  and  a  reenforcement  of 
the  sound  would  not  result.  "Wlien  the  vibration  of  a  column 
of  air  takes  place  in  this  way,  the  column  is  said  to  vibrate  with 
its  fundamental  vibration,  and  to  emit  its  fundamental  note. 

567.  The  First  Harmonic  of  a  Column  of  Air  Closed  at  One 
End.  If  the  same  fork  is  held  over  a  much  longer  tube  and 
Avater  is  poured  in  as  before,  or  if  water  is  drawn  off  from  the 
tube  which  we  have  been  considering  until  a  much  longer  air 
column  is  left,  another  point  wall  soon  be  found  when  the  same 
reenforcement  of  the  fork  again  occurs.  In  this  case,  the 
column  of  air  is  exactly  half  a  wave  length  longer  than  before, 
as  may  be  seen  by  following  carefully  the  aerial  displacements 
through  two  successive  vibrations  of  the  prong. 

If  A,  Fig.  373,  was  the  position  of  the  surface  of  the  water  in 
the  first  instance,  and  C  is  the  position  of  this  surface  when 
resonance  is  again  produced,  B  being  a  point  half  way  between, 
there  is  nothing  at  A  to  reflect  the  disturbance  as  before,  and  the 
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condensation,    which    starts    down    the    tube  a 

when  the  prong  leaves  a,  travels  past  A  unini  *^ 


It 

in 


B 


V^ 
1^1 


peded.  This  condensation,  therefore,  is  re- 
flected at  C  as  a  condensation  and  as  such 
travels  up  the  tube.  If  the  tube  is  of  the 
proper  length,  the  first  condensation  reaches 
the  point  B  on  its  journey  upward  when  the 
prong  has  made  one  complete  vibration  and  is 
now  about  to  begin  its  second.  A  second  con- 
densation, therefore,  starts  down  the  tul)e 
when  the  first  is  at  the  point  B  in  its  upwai'd 
movement,  and  the  two  meet  at  the  point  ^1. 
Accordingly,  the  air  particle  at  A  is  urged 
upward  by  the  first  condensation  and  down- 
ward by  the  second,  so  that  this  is  a  station- 
ary point,  or  a  node.  The  node  A  is  thus  de- 
termined as  tlie  place  where  one  condensation 
coming  up  the  tube  meets  the  next  condensa- 
tion as  it  travels  down  the  tu]je. 

When  the  first  condensation  reaches  the 
point  B  as  it  moves  down  the  tube,  the  prong 
of  the  fork  has  reached  the  point  l;  and  as  it 
now  begins  to  move  upward  a  wave  of  rare- 
faction travels  down  the  tube.  This  wave  of  rarefaction  is  re- 
flected as  a  rarefaction  at  the  bottom,  and  so  travels  as  a  rarefac- 
tion up  the  tube,  reaching  the  point  B  when  the  fork  has  made 
one  complete  vibration,  and  tlie  prong  is  again  in  the  position  h, 
about  to  move  upward  for  the  second  time.  A  second  wave  of  rare- 
faction, therefore,  starts  down  the  tube  when  the  first  has  reached 
the  point  B  on  its  upward  way;  and  these  two  rarefactions, 
travelling  in  opposite  directions,  then  meet  at  the  point  A,  again 
urging  this  particle  in  opposite  directions.  Accordingly,  a  node 
in  a  column  of  air  which  is  vibrating  with  stationary  waves  is 
alternately  the  point  of  meeting  of  two  condensation  which  are 
travelling  in  opposite  directions,  and  of  two  rarefactions  which 
are  travelling  in  opposite  directions.  The  closed  bottom  of  the 
tulje  is  necessarily  a  node,  and  hence  the  distance  between  A  and 
C  is  absolutely  half  a  wave  length  of  the  sound  produced.  When 
a  column  of  air  closed  at  one  end  is  vibrating  in  the  manner  here 


Fig.  373.  First  har- 
monic of  a  column 
of  air  closed  at 
one   end. 
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described,  having  a  uode  at  the  closed  end  and  also  one  a  third 
of  the  length  of  the  pipe  from  the  open  end,  the  colnmn  of  air 
is  said  to  be  vibrating  with  its  first  overtone  or  harmonic. 

This  analysis  would  tend  to  show  that  the  distance  from  the 
open  end  of  the  tube  down  to  the  point  A  is  exactly  a  quarter 
wave  length  long;  but  practically  this  distance  is  shorter  than 
a  quarter  wave  length  due  to  the  opening  of  the  tube.  The  only 
w^ay  in  which  the  length  of  the  wave  can  be  accurately  deter- 
mined by  this  method  is  to  fill  the  tube  with  water  to  the  point 
A,  when  reenforcenient  ensues  as  in  the  first  instance,  and  to 
take  careful  note  of  the  position  of  this  point.  The  level  of  the 
water  must  then  be  lowered  until  reenforcenient  again  takes 
place,  and  this  determines  the  position  of  the  node  at  C.  The 
distance  between  A  and  C  is  then  exactly  half  a  wave  length. 

568.  The  Vibration  of  a  Coliunn  of  Air  Open  at  Both  Ends, 

Just  as  a  column  of  air  closed  at  one  end  can  reenforce  the 
sound  emitted  by  a  vibrating  reed,  so  in  a  similar  manner  can  a 
tube  open  at  both  ends  be  made  likewise  to  vibrate  in  resonance 
with  this  reed,  and  thus  to  reenforce  the  sound  produced.  In 
this  instance,  however,  the  length  of  the  column  of  air  must  be 
at  least  half  a  wave  length  long,  as  may  be  seen  from  the  follow- 
ing consideration.  Suppose,  as  before,  that  the  prong  is  at  the 
point  a,  Fig.  374,  about  to  begin  its  movement  downward.  AVhile 
the  prong  is  moving  from  the  position  a  to  the  position  h,  the 
wave  of  condensation  travels  the  whole  length  of  the  tube.  At 
the  lower  end  the  last  air  particle  can  move  more 
freely  than  any  of  the  others,  since  the  latter  are 
hemmed  in  by  the  walls  of  the  tube,  and  this 
last  particle  therefore  moves  out  much  farther, 
leaving  a  rarefaction  behind  it.  In  other  w^ords, 
the  wave  of  condensation,  as  it  reaches  the  lower 
end  of  the  tube,  is  reflected  as  a  rarefaction 
w^hich  travels  up  the  tube.  At  this  instant,  how- 
ever, the  prong  h  starts  to  move  upward,  thus 
sending  awave  of  rarefaction  down  the  tube. 
This  wave  of  rarefaction  now  moving  downward 
meets  at  A  the  wave  of  i-arefaction  moving  up- 
ward, and  a  node  is  determined  at  this  point. 
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Fig.  374.  Funda- 
mental vibration 
of  a  column  of 
air  open  at  both 
ends. 
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The  rarefaction  moving  np  the  tube  is  reflected  at  the  upper 
end  as  a  condensation  just  as  the  prong,  which  has  now  reached 
a,  sends  its  second  condensation  down  the  tube,  and  these  two 
accordingly  unite  in  moving  down.  At  this  instant,  the  rare- 
faction which  travelled  down  the  tube  is  reflected  at  the  lower 
open  end  as  a  condensation  which  now  travels 
travels  up  the  tube,  and  two  condensations  trav-  -;::;- —  p 
elling  in  opposite  directions  likewise  meet  at  the 
node  A.  The  node  A,  therefore,  is  the  place 
where  alternately  two  rarefactions  meet  travel- 
ling in  opposite  directions,  and  where  two  con- 
densations meet  likewise  travelling  in  opposite 
directions.  The  open  end  of  the  tube  is  always 
an  antinode,  and  the  tube  itself  is  half  a  wave 
length  long;  When  a  column  of  air  open  at 
both  ends  is  vibrating  with  but  a  single  node  at 
the  center,  it  is  said  to  vibrate  with  its  funda- 
mental vibration. 

If  now,  the  tube  is  lengthened  by  half  a  wa^e 
length,  Fig.  375,  a  similar  analysis  of  the  vibra- 
tion Avill  show  that  just  as  the  node  at  A  is  de- 
termined at  the  distance  of  one-quarter  of  a  wave 
length  from  the  upper  end,  so  also  another  node 
B  Avill  be  determined  at  the  distance  of  one- 
quarter  of  a  Avave  length  from  the  loAver  end  of 
the  column  of  air,  the  distance  between  these  tAvo 
nodes  being  half  a  wave  length.  The  column  of 
air  is  then  said  to  vibrate  with  its  first  overtone  or  harmonic. 

569.  The  Organ  Pipe.  The  reenforcement  of  the  sound  of 
a  certain  pitch  by  a  column  of  air  of  definite  length  is  the  prin- 
ciple of  the  organ  pipe.  This  instrument  consists  of  a  tube,  us- 
ually of  wood  or  metal.  Fig.  376,  enclosing  a  column  of  air,  and 
having  a  box,  or  wind  chest,  in  the  lower  part  into  which  air 
can  be  pumped.  This  air  is  then  forced  through  a  narrow  slit 
against  a  thin  tongue  of  the  Avood  or  metal  forming  a  part  of  the 
side  of  the  tube,  and  by  a  process  not  well  understood,  this  jet 
of  air  as  it  strikes  the  tongue  is  thrown  into  regular  vibrations. 
This  vibrating  jet  or  sheet  of  air  is  sometimes  called  the  air- 
reed;  and  it  is  the  vibrations  of  this  air-reed  which  are  re- 
enforced  by  the  air  enclosed  within  the  tube. 


Fig.  375.  First  bar- 
nionic  of  a  col- 
umn of  air  open 
at    botli    ends. 
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The  end  of  the  tube  where  this  vibrating  air- 
reed  is  situated  is  necessarily  an  antinode,  and  the 
other  end  may  be  closed  or  open.  If  closed,  we 
have  a  closed  organ  pipe,  and  a  node  is  deter 
mined  at  that  point.  If  open,  we  have  an  open 
pipe,  and  the  open  end  must  always  be  an  anti- 
node.  The  number  of  vibrations  per  second 
which  the  air-reed  executes  depends  upon  the 
pressure  of  the  air  which  is  forced  through  the 
narrow  slit,  and  becomes  greater  as  the  pressure 
of  the  air  increases. 

570.  Fundamental  and  Harmonic  Vibrations  in 
an  Organ  Pipe.  In  order  to  study  the  formation 
of  nodes  and  antinodes  in  the  organ  pipe,  we 
shall  consider  first  the  closed  pipe.  If  the  pres- 
sure of  the  air  is  moderate,  and  the  pipe  is  of  the 
proper  length,  the  entire  column  of  air  enclosed 
by  the  pipe  is  thrown  into  vibrations  having  a 
single  node,  and  this  is  at  the  closed  end.  The 
pipe  is  then  vibrating  with  its  fundamental  vibra- 
tion, which  is  the  lowest  possible  note  it  can  emit, 
and  the  length  of  the  pipe  is  1/4  of  the  wave  length  of  the 
sound  produced.  This  is  represented  in  the  first  diagram, 
Fig.  377.  If  the  pressure  of  the  air  is  now  increased,  the 
air-reed  makes  a  greater  number  of  vibrations  per  second,  and 
the  note  emitted  by  the  pipe  suddenly  breaks  into  a  clear 
note  of  higher  pitch.  In  this  instance  the  pipe  emits  its  first 
overtone,  and  the  vibrations  take  place  as  shown  in  the  sec- 
ond diagram.  Fig.  377.  The  length  of  the  pipe  is  now  3/4  uf 
the  wave  length  of  the  sound.  A  greater  pressure  of  the 
air  causes  the  air-reed  to  vibrate  still  more  rapidly,  the 
note  then  emitted  rises  in  pitch,  and  the  vibrating  column  is 
broken  into  segments  as  shown  in  the  third  diagram.  Fig.  377. 
The  length  of  the  pipe  is  now  5/4  of  the  wave  length  of  the 
sound,  and  so  on. 

In  the  case  of  the  open  pipe,  the  fundamental  vibration  is 
produced  when  but  a  single  node  is  formed;  and  since  this  is 
at  the  middle  of  the  pipe,  the  length  of  the  pipe  is  i/o  of  the  wave 


Fig.  376.    The 
organ  pipe. 
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len^h  of  the  soimd  produced.     This  is  shown  in  the  first  dia- 
gram, Fig.  378.     An  increased  pressure  of  the  air  causes  the 
pipe  to  vibrate  with  its  first  overtone,  the  vibrations  then  taking 
place  as  shown  in  the  second  diagram,  Fig.  378.    Here  the  pitch 


Fiij.  ;i77.  Fiiudamental  vibration 
and  tlie  first,  second,  and  third 
harmonic  of  a  column  of  air 
closed  at  one  end. 


Fig.  oTS.  Fundamental  vibration 
and  the  first,  second,  and  third 
harmonic  of  a  column  of  air 
open  at  both  ends. 


of  the  note  is  an  octave  higher  than  that  produced  when  the 
fundamental  is  sounded,  and  the  length  of  the  pipe  is  2  2  wave 
lengths,  or  just  equal  to  the  wave  length  of  the  sound  produced. 
A  still  greater  pressure  causes  the  vibrating  column  of  air  to 
break  up  into  segments  as  sho\\Ti  in  the  third  diagram,  Fig.  378, 
and  emit  its  second  overtone,  the  length  of  tlie  tube  in  this  case 
being  3/2  wave  lengths,  and  so  on. 

An  examination  of  these  figures  Avill  show  that  the  length  of  a 

closed  organ  pipe  is  always  1/4  A,  3/4  A,    5/4  A,   7/4  A 

where  A  is  the  wave  length.  That  is,  the  length  of  the  dosed 
organ  pipe  is  always  an  odd  numlier  of  quarter  wave  lengths  of 
the  sound  produced.     In  the  same  way,  it  will  be  seen  tliat  the 

open  organ  pipe  is  always  2/4  A,   4/4  A,  G  4  A.    8/4  A , 

that  is,  the  length  of  the  opm.  organ  pii)e  is  always  an  even 
number  of  quarter  wave  lengths  of  the  sound.  It  follows  that 
the  vibrations  of  the  closed  pipe  take  place  according  to  the  odd 
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numbers  1,  3,  5,  7, while  those  of  the  open  jDipe  take  place 

according  to  the  even  numbers  2,  4,  6,  8,  Therefore,  an 

open  pipe,  when  vibrating  with  its  fundamental  vibration,  gives 
a  note  an  octave  higher  than  a  closed  pipe  of  the  same  length 
which  is  also  vibrating  with  its  fundamental  vibration,  since  the 
wave  length  in  the  open  pipe  is  only  twice  the  length  of  the  pipe, 
while  that  in  the  closed  pipe  is  four  times  the  length  of  the  pipe. 
If  the  hand  is  laid  over  the  open  end  of  a  pipe  w^hen  this  is 
sounding,  the  note  will  drop  an  octave  in  pitch. 


CHAPTER  LI. 


INTERFERENCE  OF   SOUND. 

571.  The  Principle  of  Interference.  Whenever  two  or  more 
waves  exist  upon  the  same  medium  at  the  same  time,  the  dis- 
placement which  the  particles  actually  undergo  is  the  algebraic 
sum  of  the  displacements  which  each  wave  would  produce  sep- 
arately. This  phenomenon  of  producing  a  resultant  displace- 
ment by  the  simultaneous  action  of  two  or  more  waves  is  known 
as  inierference.  Interference  occurs  wdienever  two  or  more 
waves  exist  upon  the  same  medium  at  the  same  time.  Accord- 
ingly, it  is  possible  for  two  sound  waves  to  interfere,  and  the 
resulting  wave  is  then  the  algebraic  sum  of  the  effects  which 
each  would  produce  by  itself.  If,  therefore,  two  sounds  of  the 
same  wave  length  coincide  in  phase,  the  amplitude  of  the  re- 
sultant wave  is  the  sum  of  the  amplitudes  of  the  separate  waves,^ 
and  a  sound  of  increased  intensity  is  the  result,  Fig.  379.  But 
if  two  sounds  of  the  same  w^ave  length  give  rise  to  vibrations  of 
opposite  phase,  the  resultant  w^ave  has  an  amplitude  equal  to 
the  difference  between  the  amplitudes  of  the  two  waves.  Fig. 
380.  From  this  it  follows  that  if  these  two  component  sounds, 
besides  being  of  equal  w^ave  length  and  opposite  in  phase,  are 
also  of  equal  amplitude,  the  resultant  amplitude  is  zero,  and  no 
sound  is  heard.  Fig.  381.  Two  sounds,  therefore,  may  interfere 
so  as  to  produce  a  much  louder  sound  than  either  alone,  or  twa 


BEATS.  Tl-> 

sounds  under  proper  conditions  may  interfere  so  as  to  produce 
silence.  It  is  because  of  the  destructive  interference  of  two 
sounds,  whereby  two  sounds  may  combine  to  produce  silence, 
that  we  believe  in  the  wave  theorv  of  sound. 


Fig.    379.    Resultant  of         Fig.  3S0.     Resultant  of  Fig.  381.     Resultant  of 

two    waves    of    same              two    waves    of    same  two    waves    of    same 

wave     length,      same              wave  length,  opposite  wave  length,  opposite 

phase.                                          phase,     unequal     am-  phase,     equal     ampli- 

plitudo.  tude. 

A  beautiful  experiment  illustrative  of  the  destructive  interfer- 
ence of  two  sounds  consists  in  holding  a  tuning  fork  over  a  tall 
jar,  and  pouring  in  water  until  resonance  occurs.  If  the  tuning 
fork  is  slowly  rotated,  a  point  is  soon  found  where  the  conden- 
sation sent  down  by  one  prong  exactly  coincides  with  the  rave- 
faction  sent  down  by  the  other,  that  is,  the  waves  sent  cut  by 
the  two  prongs  are  then  in  opposite  phase,  and  silence  is  pro- 
duced. In  this  instance  two  sounds  interfere  so  as  to  produce 
silence.  If  now,  a  tube  of  paper  is  slipped  over  cue  of  the  prongs, 
thereby  intercepting  the  waves  which  this  prong  emits,  the 
waves  which  are  sent  out  by  the  other  prong  are  no  longer  de- 
stroyed by  interference,  and  sound  is  again  produced. 

572.  Beats.  If  two  tuning  forks  are  sounded  together,  one 
making  512  vibrations  per  second  and  the  other  511.  the  more 
rapidly  vibrating  fork  will  gain  one  vibration  per  second  over 
the  other.  At  the  beginning  of  the  second  they  will  vibrate  to- 
gether, that  is,  they  will  be  in  the  same  phase,  then  after  the 
lapse  of  half  a  second  they  will  vibrate  in  opposite  directions, 
or  be  in  opposite  phase,  and  at  the  end  of  the  second  they  will 
again  vibrate  in  the  same  direction  and  be  once  more  in  the 
same  phase.  At  the  beginning  of  the  second,  when  both  prongs 
are  moving  in  the  same  direction,  the  two  sounds  interfere  so 
as  to  produce  a  louder  sound ;  half  a  second  later,  when  the 
prongs  are  moving  in  opposite  directions,  they  interfere  destruc- 
tively so  as  to  produce  a  diminished  sound,  and  at  the  end  of 
the  second,  when  the  prongs  once  more  vibrate  together,  they 
again  produce  an  increased  sound.     A  fluctuation  in  the  inten- 
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sity  of  the  sound  is  therefore  produced,  which  gives  rise  to  the 
phenomenon  known  as  beats.  Beats  are  the  variations  in  the 
intensity  of  a  musical  sound,  produced  when  two  notes  luJiich  do 
not  differ  ividely  from  unison  are  sounded  together.  The  num- 
ber o'f  beats  per  second  is  the  difierence  in  the  number  of  vibra- 
tions per  second  of  the  two  notes.  It  is  to  the  occurrence  of 
beats  that  the  most  serious  discord  which  can  occur  in  music  is 
attributed. 

573.  Konig's  Apparatus  for  Determining  the  Wave  Length 
of  a  Musical  Note.  By  making  use  of  the  phenomenon  of  in- 
terference, Kijnig  devised  an  apparatus,  Fig.  382,  whereby  the 
,-."-„  wave  length   of   any 

musical  note  may  be 
accurately  measured. 
The  sound  from  the 
given  source,  a  tun- 
ing fork  A,  for  in- 
stance, after  being  re- 
enforced  by  the  reso- 
nator B,  is  made  to 
pass  through  two 
tubes  which  divide  at 
C.  The  sound  wave 
likewise  divides,  one 
part  passing  through 
the  branch  CDE,  and 
the  other  through  the 
branch  CFG.  At  E 
and  G  are  manomet- 
ric  capsules  (p.  654), 
so  that  the  vibrations 
which  travel  through 
the  upper  branch  ac- 
tuate the  capsule  at 
E,  and  those  which  pass  through  the  lower  branch  act  upon  the 
the  capsule  at  G.  The  gas  pipe  leading  from  each  of  these  cap- 
sules to  the  common  light  L  causes  this  flame  to  be  affected  by  the 
waves  which  come  through  both  of  the  branches  of  the  divided 
tube.     If  the  distance  from  0  to  £"  by  the  path  CDE  is  the  same 


Konig's  interference  apparatus. 
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as  that  from  C  to  G  by  the  path  CFG,  the  sound  roaches  these 
manometric  capsules  in  precisely  the  same  phase,  that  is,  when  a 
condensation  reaches  one,  a  condensation  reaches  the  other,  and 
Avhen  a  rarefaction  arrives  at  one,  a  rarefaction  an-ivcs  at  the 
other.  The  diaphragms  in  both  capsules  then  move  in  the  same 
direction  at  the  same  time,  and  the  little  flame  vibrates  with  very 
great  amplitude,  thus  producing  a  sharply-marked,  serrated  im- 
age, as  shown  in  Fig.  383. 


Fig.  3S3.     Manometric  fame  when  the        Vu:.  :;,S4.     Mptu.nieti-ic  flame  wli-n   the 
upper  and  the  lower  paths  are  of  paths   differ   in   length   by   half   a 

equal  length.  wave  lenstn. 

The  apparatus  is  so  arranged,  however,  that  one  branch  may 
be  extended,  thereby  increasing  the  distance  which  the  sound 
wave  travels  in  that  branch.  If,  now,  this  branch  is  lengthened 
by  drawing  out  the  tube,  so  that  the  path  CD'E  is  just  half  a 
Avave  length  longer  than  the  path  CFG,  the  waves  which  reach 
E  and  G  will  be  exactly  opposite  in  phase,  that  is,  when  a  ccn- 
densation  arrives  at  E,  a  rarefaction  arrives  at  G.  Accardingly, 
the  diaphragms  of  these  capsules  vibrate  in  opposite  directions 
at  the  same  time,  and  the  little  tlame,  which  is  actuated  by  both 
capsules,  remains  undisturbed.  AVhen  this  occurs,  the  image  of 
the  little  flame  as  seen  in  the  revolving  mirror  is  not  serrated, 
but  is  simply  drawn  out  into  a  uniform  band  of  light,  as  in 
Fig.  384.  The  linear  distance  from  D  to  Z>'  is  then  exactly  one- 
quarter  of  a  wave  length,  since  the  length  of  this  path  has  been 
increased  by  half  a  wave  length. 

When  the  wave  length  A  of  a  musical  note  and  also  the  number 
of  vibrations  per  second  n  of  this  note  are  known,  the  velocity 
of  sound  V  may  be  calculated  at  once  from  the  fundamental  equa- 
tion (p.  679). 

V  =:  n\. 

574.  Composition  of  Wave  Motion.  We  have  seen  that  when 
two  motions  coexist  upon  tlie  saiiu-  medium,  the  actual  displace- 
ment of  a  given  particle  is  the  resultant  of  the  displacements 
which  each  wave  would  produce  separately.  When,  therefore,  the 
waves  are  of  equal  length  and  occur  in  the  same  phase,  the  result- 
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ant  waA^e  is  likewise  of  the  same  length,  but  of  an  amplitude  equal 
to  the  sum  of  the  amplitudes  of  the  component  waves.  This, 
accordingly,  produces  a  note  of  the  same  pitch,  but  louder  than 
either  of  the  components.  "When,  however,  two  waves  of  equal 
length  occur  in  opposite  phase,  the  resultant  Avave  is  again  of 
the  same  length,  but  of  an  amplitude  which  is  the  difference  be- 
tween the  amplitudes  of  the  two  components.  This  produces  a, 
note  of  the  same  pitch  as  that  of  either  wave  alone,  but  fainter. 
Indeed,  if  two  waves  of  equal  lengths  and  equal  amplitudes  occur 
in  opposite  phase,  the  resultant  amplitude  is  zero,  and  the  two 
soun^ls,  to  which  these  waves  give  rise,  interfere  so  as  to  produce 
silence. 

In  all  cases,  whatever  the  wave  length  or  the  amplitude  of  the 
components  may  be,  the  resultant  wave  is  the  one  formed  by  the 
resultant  displacements  produced  by  each  of  the  component  waves 
separately.  Thus,  if  we  imagine  the  simple  wave  ACE,  Fig.  385, 
to  exist  upon  a  medium,  and  also  another  simple  wave  ABODE, 
Fig.  386,  of  half  the  length  of  the  first  to  exist  upon  the  same 

time,    the   resultant 


medium  at  the  same 
displacement  which 
the  particles  under- 
go is  everywhere  the 
algebraic  sum  of  the 
displacements  which 
each  wave  would 
produce  separately. 
The  resultant  wave, 
which  is  simply  the 
algebraic  sum  of  ail 
these  resultant  dis- 
placements is  thus . 
shown  by  the  heav>' 
line,  Fig.  387.  In  this  way,  a  wave  of  perfectly  definite  length  is 
produced,  but  differing  in  form  from  that  of  either  of  the  com- 
ponent waves.  When,  therefore,  two  waves  of  different  lengths 
interfere,  they  combine  to  produce  a  wave  of  different  form  from; 
that  of  either  of  the  component  waves.  This  analysis  will  en- 
able us  the  better  to  understand  the  production  of  beats,  and. 


im".le  wave. 


Fig.    3SG. 


A   simple  wave  of  lialf  the   above  wave 
length. 


Fig. 


;Si.     Resultant  wave  formed   by  tbe  composi- 
tion  of    the   above    two   simple   waves. 
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will  also  serve  to  show  why  it  is  that  when  two  notes  are  sounded 
together,  the  resultant  tone  produces  a  different  sensation  upon 
the  ear  from  that  produced  by  either  of  the  component  notes 
when  sounded  separately. 

575.  The  Form  of  the  Resultant  Wave.  The  resultant  wave, 
produced  by  the  composition  of  two  simple  waves,  may  be  most 
beautifully  shown  by  arranging  tAvo  tuning  forks  so  that  one 
carries  a  piece  of  smoked  glass  attached  to  one  of  its  prongs, 
Avhile  the  other  is  provided  with  a  stylus,  likewise  mounted  upon 
one  of  its  prongs.  If  the  two  forks  are  now  made  to  vibrate,  and 
the  one  with  the  stylus  is  drawn  over  the  other,  the  curve  which 
is  traced  upon  the  smoked  glass  will  be  the  resultant  curve  pro- 
duced bj^  the  composition  of  the  two  simple  harmonic  curves 
"which  each  fork  would  have  traced  alone.  If  the  two  forks  make 
precisely  the  same  number  of  vibrations  per  second,  the  resulting 
curve  will  be  a  simple  sine  wave,  the  amplitude  depending  upon 
the  phase  in  which  the  forks  are  started.  If,  however,  one  fork 
vibrates  slightly  faster  than  the  other,  as,  for  instance,  if  one 
makes  81  vibrations  per  second  while  the  other  makes  only  89, 
one  fork  gains  one  vibration  per  second  over  the  other.  If,  then, 
at  the  beginning  of  the  second  the  two  are  vibrating  together, 
or  are  in  the  same  phase,  at  the  end  of  the  second  they  will  again 
vibrate  in  the  same  phase,  but  in  the  middle  of  the  second  the: 
will  vibrate  in  opposite  phase.  "When  the  two  are  vibrating  in 
the  same  phase,  the  amplitude  of  the  resultant  wave  is  the  sum 
of  their  separate  amplitudes,  and  when  they  are  vibrating  in 
opposite  phase  the  resultant  amplitude  is  the  difference  between 
these  amplitudes. 

The  resultant  wave,  therefore,  is  far  more  complex  than  either 
of  the  component  simple  waves,  and  consists,  in  this  particular 
instance,  of  81  crests  and  troughs  of  different  amplitudes,  all  of 
which  must  be  executed  before  the  wave  length  of  the  resultant 
wave  is  complete.  Once  a  second,  therefore,  the  intensity  of  the 
sound  increases,  and  once  a  second  it  decreases,  thereby  produc- 
ing a  throbbing,  or  pulsating,  effect,  which  is  known  as  the  phe- 
nomenon of  beats.  The  variations  in  tlie  intensity  of  the  sound 
Avhen  l)eats  are  heard  are  thus  seen  to  be  caused  by  the  inequal- 
ities in  the  amplitude  of  the  resultant  wave,  and  by  tlie  long 
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periods  of  time  occurring  between  these  inequalities,  thereby  en- 
abling the  ear  to  detect  the  variations  in  the  intensity  of  the 
sound  thus  produced.  This  arrangement  of  the  two  tuning  forks, 
which  thus  makes  possible  the  actual  construction  of  the  form  of 
the  resultant  wave,  has  well  been  called  the  optical  method  of 
studying  beats. 


vvuuuu\,/l/,JVvWVAAJlJUv^,^fYTV^„'VV^^ 
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Fig.  oSS.      Resultant   waves  formed  by  the  composition  of  two  simple  waves  of 
different  wave  lengths. 


If  the  interval  between  the  two  notes  is  smaller,  the  more 
quickly  do  the  variations  of  amplitude  which,  determine  one 
wave  length  repeat  themselves  in  the  one  following,  and  the 
shorter  is  the  wave  length  of  the  resultant  vibration.  Accord- 
ingly, the  interval  between  the  two  notes  determines  the  length 
of  the  resultant  wave;  and  the  form  of  this  wave  becomes  less  and 
less  complex  as  this  interval  is  expressed  by  smaller  and  smaller 
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numbers.  When  the  interval  can  be  represented  only  by  large 
numbers,  such  as  81/80,  the  resultant  wave,  which  is  completed 
only  after  many  vibrations  of  the  component  forks,  is  therefore 
exceedingly  complex,  and  the  greatest  possible  discord,  namely, 
that  produced  by  beats,  is  heard.  Even  when  the  interval  is 
expressed  by  numbers  as  small  as  9/8,  which  occurs  when  C  and 
D  are  sounded  together,  the  resultant  wave  is  completed  after 
nine  vibrations  of  one  of  the  component  forks ;  and  although  this 
wave  is  a  far  simpler  vibration  than  the  one  just  cited,  it  is 
nevertheless  so  complex  as  to  produce  the  sensation  of  a  discord. 
"When,  however,  the  notes  E  and  G,  which  form  the  interval 
6/5,  are  sounded  together,  the  resultant  wave  is  completed  after 
six  vibrations  of  one  of  the  forks;  and  while  this  Avave  is  still 
far  from  simple,  it  is  less  complex  than  others  having  an  inter- 
val expressed  by  larger  numbers,  and  the  ear  recognizes  these 
two  notes  as  tolerably  accordant,  although  the  smoothness  of 
the  sound  is  not  nearly  so  complete  as  that  perceived  with  notes 
having  intervals  expressed  by  still  smaller  numbers.  Fig.  388 
gives  an  idea  of  the  form  of  the  resultant  waves  formed  by  the 
combination  of  two  notes  of  different  interv^als.  It  will  be  seen 
in  every  instance  that  the  accord  becomes  more  nearW  complete 
as  the  form  of  the  resultant  wave  gains  in  simplicity,  while  the 
discord  becomes  more  apparent  as  the  resultant  wave  increases 
in  complexity. 

576.  Beat  Tones.  Beats  have  been  defined  as  the  periodic 
variations  in  the  intensity  of  a  sound  produced  when  two  notes 
which  do  not  differ  widely  from  unison  are  sounded  together. 
As  the  notes  differ  more  and  more  from  unison,  the  beats  come 
with  greater  and  greater  rapidity,  and  these,  like  any  other 
periodic  vibrations,  may  be  detected  as  individual  sounds  until 
their  number  becomes  about  30  per  second.  If  the  beats  occur 
more  rapidly  than  30  per  second,  they  blend  together  into  a 
musical  note,  the  pitch  of  which  depends  upon  their  number  per 
second.  The  tone  thus  produced  by  the  blending  together  of 
beats  is  called  the  heat  tone.  For  example,  if  the  notes  C  and  G 
are  sounded  together,  C  making  256  vibrations  per  second  and 
G  384,  there  will  then  occur  128  beats  per  second,  and  these  will 
blend  together  into  a  note,  or  beat  tone,  having  128  vibrations 
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per  second,  and  therefore  of  a  pitch  an  octave  lower  than  the  C. 
In  sounding  two  notes  together,  this  third  or  beat  tone  is  always 
to  be  considered;  and,  in  general,  two  notes  when  sounded  to- 
gether can  produce  a  pleasing  sensation  only  when  the  beat  tone 
harmonizes  with  each  of  the  components,  that  is,  when  the  vi- 
bration-frequency of  this  beat  tone  bears  a  simple  ratio  to  that 
of  each  of  the  original  notes. 

577.  Timbre  or  Quality.  Whenever  the  same  note  is  played 
upon  two  musical  instruments,  the  ear  detects  a  certain  differ- 
ence in  the  sounds  of  these  notes,  although  both  are  of  the  same 
pitch  and  both  may  be  equally  loud.  This  difference,  which  thus 
characterizes  each  note  as  joeculiar  to  the  particular  instrument 
upon  which  it  is  played,  is  known  as  the  timhre^  or  the  quality, 
of  a  musical  note.    A  careful  investigation  of  the  vibrations  of 


Fig.  3S9.     The  first  overtone  or  liar-  Fig.    390.     The    second    overtone    or 

monic    vibrating    in    conjunction  liarmonic    vibrating    in    con.iunc- 

witb     tlie    fundamental.  tiou    with    the    fundamental. 

a  sounding  body  reveals  the  fact  that  no  source  of  sound  vi- 
brates with  a  perfectly  simple  vibration,  but  that  every  vibrat- 
ing body  to  a  greater  or  less  degree  subdivides  into  a  series  of 
vibrating  segments,  even  while  it  may  also  be  vibrating  as  a 
Avhole.  There  are  always,  therefore,  superposed  upon  the  funda- 
mental, which  gives  the  pitch  to  the  tone,  also  a  number  of  vi- 
brating segments  of  the  fundamental,  and  these,  accordingly, 
form  overtones  or  harmonics.  In  other  words,  a  sounding  body 
may  vibrate  with  its  fundamental,  while  at  the  same  time  it  may 
vibrate  also  Avith  a  certain  series  of  harmonics  which  exist  upon 
this  body  just  as  if  the  fundamental  were  not  present,  Figs.  389 
and  390. 

Upon  every  vibrating  body,  therefore,  there  exists  a  number 
of  independent  vibrations  of  different  periods,  consisting  of  the 
fundamental  and  a  certain  number  of  segments,  and  these  in- 
terfere to  produce  a  resultant  vibration  which  is  far  from  simple. 
Each  component  vibration  originates  waves  of  different  lengths 
in  the  air,  and  these  interfere  to  produce  a  wave  which  is  the 
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resultant  of  all  the  component  waves.  The  actual  form  of  a 
sound  wave,  even  from  a  single  note  of  any  instrument,  is  there- 
fore really  very  complex,  having  superposed  upon  the  funda- 
mental a  number  of  overtones  which  are  peculiar  to  that  instru- 
ment. The  construction  and  resonance  of  any  instrument  will 
cause  one  set  of  overtones  to  be  formed  or  especiallj'  re-enforced, 
while  the  different  form  or  even  the  different  handling  of  this 
instrument  will  bring  into  prominence  a  different  series  of 
overtones  or  harmonics  in  conjunction  with  the  fundamental.  It 
is,  then,  the  presence  of  certain  overtones  which  are  superposed 
upon  the  fundamental  that  gives"  the  particulai'  character  to  the 
tone  played  upon  one  instrument,  while  another  set  of  over- 
tones occurring  with  the  fundamental  will  cause  the  same  note 
upon  another  instrument  to  have  an  entirely  different  character. 
The  timbre,  or  the  quality,  of  a  musical  note,  therefore,  depends 
upon  tlie  particular  overtones  ivliicli  occur  in  conjunction  ivitli 
tlie  fundamental  and  xipon  tlieir  intensity. 

Thus,  a  flute,  a  horn,  a  piano,  and  a  violin  may  all  sound  the 
same  note  and  may  be  recognized  as  being  in  perfect  accord,  and 
yet  there  are  wide  differences  in  the  quality  of  the  sound.  This 
means  that  each  is  vibrating  with  a  fundamental  of  the  same 
period,  and  this  fundamental  gives  the  predominant  pitch  to 
the  note;  but  superposed  upon  this  fundamental  are  certain 
overtones  in  one  instrument,  and  different  overtones  in  another. 
The  squeak}'-,  rosiny  sound  emitted  by  the  violin  indicates  that 
the  violin  is  peculiarly  rich  in  the  higher  overtones;  and  these 
particular  overtones,  which  depend  upon  the  form  and  upon 
every  item  of  the  construction  of  the  instrument,  when  com- 
bined with  the  fundamental,  give  the  violin  note  its  special 
characteristic,  or  qu(diiy. 

It  is  a  singular  fact  that,  certainly  as  regards  any  difference 
which  the  ear  can  detect,  the  phase  in  which  these  harmonics 
occur  is  ivithout  influence  in  affecting  the  tinihre,  or  the  quality, 
of  the  sound  produced.  This  is  due  to  the  fact  that  the  ear  re- 
solves a  complex  vibration  into  its  fundamental  simple  ones,  and 
these,  by  the  frequency  -,vith  which  they  occur  and  by  their  in- 
tensity, are  alone  effective  in  modifying  the  sensation  produced 
by  the  fundamental. 
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A  note  upon  the  piano  may  be  vibrating  with  one  or  more  of 
the  harmonics  superposed  upon  the  fundamental,  although  we 
may  be  conscious  only  of  the  fundamental.  This  may  be  shown, 
and  at  the  same  time  the  phenomenon  of  sympathetic  vibrations 
may  be  nicely  illustrated,  by  gently  pressing  down  any  key  so 
as  to  lift  the  damper  without  causing  the  string  to  sound,  and 
then  striking  violently  the  note  an  octave  below.  If  the  vibra- 
tions of  the  lower  note  are  then  stopped,  the  note  which  is  held 
down  will  be  heard  to  sound  faintly,  having' been  set  into  sym- 
pathetic vibration  by  the  vibration  of  the  lower  note.  But  since 
one  body  sets  another  in  sympathetic  vibration  only  when  the 
periods  of  the  two  are  the  same,  we  see  that  the  lower  note  must 
have  been  vibrating  with  a  period  equal  to  that  of  the  upper  one, 
or,  in  other  words,  the  first  overtone  was  combined  with  the 
fundamental  in  the  lower  tone,  and  the  upper  note  vibrated 
sympathetically  with  this  overtone. 

That  a  stretched  string  is  peculiarly  rich  in  harmonics  com- 
bined with  the  fundamental  may  be  shown  by  picking  the  string 
of  a  sonometer,  then  touching  it  lightly  with  the  finger  at  the 
center,  thus  stopping  the  fundamental  vibration,  when  the  first 
overtone,  formed  by  the  division  of  the  string  into  two  segments, 
will  be  clearly  heard.  Fig.  389.  In  the  same  way,  if  the  string 
is  touched  at  a  point  one-third  of  its  length  from  the  end.  Fig. 
390,  one-quarter  of  its  length  from  the  end,  etc.,  the  second,  the 
third,  the  fourth  overtones  are  heard,  and  so  on  up  to  the  tenth, 
or  even  higher.  This  shoAvs  that  upon  the  fundamental  of  a 
string  there  are  superposed  all  the  harmonics  up  to  the  tenth 
and  even  beyond,  and  that  the  peculiar  tivang  of  a  string  is  the 
resultant  tone  produced  by  the  fundamental  in  conjunction  with 
all  of  these  harmonics. 


Fig.    391.     The    complex    wave    produced    by    the    coexistence    of  harmonics  and 
fundamental  upon  a  Tibrating  string. 

The  resultant  complex  form  of  the  wave,  produced  by  the 
superposition  of  these  various  wave  motions,  may  actually  be  seen 
when  a  small  portion  of  the  vibrating  string  is  projected  upon 
the  screen  by  a  revolving  lens.    If  the  lens  were  stationary,  the 
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string  would  be  seen  to  vibrate,  but  these  vibrations  would  occur 
so  rapidly  that  their  character  could  not  be  studied.  The  mov- 
ing lens,  however,  carries  across  the  screen  the  image  of  a  sec- 
tion of  the  vibrating  string,  thus  forming  a  wave,  Fig.  391,  the 
form  of  which  is  seen  to  be  veiy  complex. 

578.  The  Composition  of  Tv/o  Harmonic  Vibrations  at  Right 
Angles  to  Each  Other.  In  the  treatment  of  the  composition 
of  wave  motions  which  "we  have  heretofore  considered,  we  have 
assumed  that  the  vibrations  of  the  particles  take  place  parallel 
to  one  another,  and  that  the  motions  of  the  weaves  are  in  the  same 
direction.  Lissajous  conceived  the  idea  of  studying  resultant  vi- 
brations by  compounding  two  simple  vibrations  taking  place  at 
right  angles  to  each  other,  and  obtained  results  of  singular 
beauty  and  interest.  Before  discussing  these  results,  as  well  as 
Lissajous 's  mode  of  procedure,  we  must  turn  our  attention  to 
the  graphical  composition  of  two  harmonic  motions  when  these 
take  place  along  paths  at  right  angles  to  each  other. 

Let  us  assume  that  a  particle  is  actuated  by  a  harmonic  mo- 
tion in  the  horizontal  direction  along  the  line  AB,  Fig.  392,  and 
at  the  same  time  also  by  a  har- 
monic motion  in  the  vertical  di- 
rection along  the  line  AC.     AVe 
will  assume,    furthermore,    that 
the  two  vibrations  have  the  same 
period  and  amplitude,  and  that 
they  occur  in   the   same    phase, 
that  is,  that  the  particle  is  at  its 
greatest    upward    displacement 
due  to  the  vertical  motion  at  the 
same   instant   that   it   is   at   its 
greatest  displacement  to  the  left 
due  to  the  horizontal  motion.  Li 
other  w^ords,  we  Avill  assume  the  particle  to  be  at  the  point  A,  and 
just  about  to  l3egin  its  vibration  along  both  directions.     If,  now, 
for  convenience,  we  think  of  the  period  divided  into  twelve  equal 
parts,  we  may  then  divide  the  paths  AB  and  AC  into  six  har- 
monic divisions,  wliich  will  represent  the  distances  in  each  direc- 
tion which  the  i)article  travels  in  c(iual  times,  and  then,  by  the 
composition  of  motions,  we  may  determine  the  position  of  the 
pai'ticle  at  each  twelfth  of  a  period. 
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Fig.  392.  Gr.npliical  composition  of 
two  harmonic  motions  at  right 
angles  to  eacli  other. 
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Since  the  horizontal  and  the  vertical  motions  begin  at  the 
same  instant,  the  particle,  after  leaving  A,  will  have  reached  the 
point  «'  in  the  horizontal  direction  at  the  same  instant  that  it 
reaches  the  point  ft''  in  the  vertical  direction;  and,  therefore, 
after  one-twelfth  of  a  period  the  particle  will  be  found  at  the 
point  a,  having  actually  moved  along  the  diagonal  Aa  of  this 
little  parallelogram.  In  the  same  way,  the  particle  will  appear 
successively  at  &,  then  at  c,  and  so  on;  hence  in  one-half  of  the 
entire  period,  the  particle  will  have  moved  along  the  line  AD, 
and  during  the  second  half  period  it  will  retrace  this  path  in  the 
opposite  direction.  The  particle,  therefore,  will  move  with 
simple  harmonic  motion  along  the  straight  line  from  A  to  D 
and  back  again.  Any  simple  harmonic  motion,  therefore,  may 
be  regarded  as  the  composition  of  two  simple  harmonic  motions 
in  the  same  phase  and  of  equal  periods  and  amplitudes  at  right 
angles  to  each  other. 

If  the  two  motions  are  in  slightly  different  phase,  as,  for  in- 
stance, if  the  horizontal  vibration  is  one-twelfth  of  a  period  in  . 
advance  of  the  vertical,  then  the  particle  is  at  a'  when  the  ver- 
tical motion  downward  begins,  and  the  flattened  ellipse,  shown 
in  the  second  diagram.  Fig.  393,  is  the  curve  traced  by  this 
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Fig.  .393.  Composition  of  two  harmonic  motions  of  equal  period  and  amplitude 
at  right  angles  to  each  other.  In  each  of  the  diagrams  the  phase  of  the 
horizontal  vibration  is  advanced  one-twelfth  of  a  period  over  the  preceding. 


particle.  If  the  phase  of  the  horizontal  vibration  differs  from 
that  of  the  vertical  by  one-sixth  of  a  period,  the  particle  will 
have  reached  the  point  &'  when  the  vertical  motion  begins,  hence 
the  particle  will  trace  the  open  ellipse,  shown  in  the  third  dia- 
gram. Fig.  393.  If  the  horizontal  vibration  is  in  advance  of  the 
vertical  vibration  by  one-quarter  phase,  the  particle  will  be  at 
c'  in  its  horizontal  motion  when  its  vertical  motion  begins,  and 
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the  path  traced  will  then  be  the  circle,  shown  in  the  fourth  dia- 
gram, Fig.  393.  ]\Iotion  in  a  circle,  therefore,  may  he  regarded 
as  the  resultant  of  two  simple  harmonic  motions  at  right  angles 
to  each  other,  of  equal  period  and  amplitude,  but  diffei-ing  in 
phase  by  one-quarter  period.  The  succeeding  figures  show  the 
variations  in  the  forms  of  these  curves  produced  in  each  case 
by  increasing  the  phase  of  the  horizontal  vibration  by  one- 
twelfth  of  the  period  over  that  of  the  verical. 

If  we  now  assume,  as  before,  that  the  two  component  vibra- 
tions are  of  equal  amplitude,  but  that  the  period  of  the  hori- 
zontal is  only  one-half  that  of  the  vertical,  the  particle  \vill 
move  twice  as  rapidly  in  the  horizontal  direction  as  in  the  ver- 
tical, travelling  over  two  spaces  in  the  former  direction,  while  it 
moves  over  but  one  in  the  latter.  If,  now,  the  two  vibrations 
start  in  the  same  phase,  that  is,  both  leaving  the  upper  left- 
hand  corner  of  the  figure  together,  the  resultant  curve  traced  is 
shown  in  the  first  diagram,  Fig.  39J:.     Similarly,  if  the  hori- 


'"^ 

=;; 

"^ 

k, 

^ 

^ 

y 

p 

V 

s, 

i^ 

_ 

K 

^ 

'v       =^ 

'^r>j 

^ 

K- 

^' 

^^) 

;-^ 

^ 

d;: 

-^"^ 

-— 

^ 

^ttl 

/ 

\ 

::^ 

>«^ 

L- 

'^\~^ 

^ 

" 

"^. 

^^ 

-.A^ 

, 

^ 

Fig.  394.  Composition  of  two  harmonic  motions  of  equal  amplitude  at  right 
angles  to  each  other,  the  period  of  the  horizontal  being  one-half  that  of  the 
vertical.  In  each  diagram  the  phase  of  the  horizontal  vibration  is  ad- 
vanced one-twelfth  of  a  period  over  the  preceding. 

zontal  vibration  is  one-twelfth  of  the  period  in  advance  of  the 
vertical,  the  resultant  curve  is  shown  in  the  second  diagram, 
Fig.  394.  In  the  same  way,  the  succeeding  figures  show  the 
resultant  curve  traced  in  each  case  Avhen  the  horizontal  vibration 
is  advanced  one-twelfth  of  the  period  over  the  preceding  one. 
Curves  of  exceeding  complexity  result  when  the  interval  between 
the  component  vibrations  is  greater  than  the  simple  ones  here 
illustrated. 


579.  Lissajous's  Figures.  In  order  to  obtain  these  results  ex- 
perimentally, Lissajoiis  mounted  two  tuning  forks  at  right  angles 
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to  each  other,  and  placed  a  small  mirror  upon  a  prong  of  each. 
The  two  forks  were  then  so  arranged  that  a  beam  of  light  could 
be  thrown  upon  one  of  these  mirrors  and  then  reflected  to  the 
other,  Fig.  395,  after  which  it  was  reflected  upon  a  screen. 
Since  the  forks  are  at  right  angles,  if  one  fork  vibrates,  the 
vertical  one  for  instance,  while  the  other  remains  stationary, 
the  spot  of  light  upon  the  screen  will  vibrate  vertically  with 
harmonic  motion.  If,  on  the  other  hand,  the  horizontal  fork 
is  made  to  vibrate  while  the  vertical  one  remains  stationary,  the 


Fig.    395.     The    formation    of   Lissajou's   figures.     This    cut    is    reproduced   from 
Zahm's  "Sound  and  Music"  through  the  courtesy  of  A.  C.  McClurg  &  Co. 

spot  of  light  on  the  screen  will  vibrate  horizontally  with  har- 
monic motion.  If,  now,  both  forks  are  made  to  vibrate  at  the 
same  time,  the  spot  of  light  will  move  vertically  with  harmonic 
motion  due  to  the  vibration  of  the  first  fork,  and  horizontally 
with  harmonic  motion  due  to  the  vibration  of  the  second,  and 
hence  will  move  with  a  motion  which  is  the  resultant  of  these 
two.  The  fact  that  the  eye  retains  for  some  time  an  impression 
made  upon  it  causes  this  moving  spot  of  light  to  trace  upon  the 
screen  a  cuiwe  which,  by  the  persistence  of  vision,  seems  contin- 
uous. The  form  of  this  curve  depends  upon  the  amplitudes  and 
periods  of  the  two  component  motions,  and  upon  the  particular 
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phase  in  which  the  two  vil)rations  happen  to  be  started.  If  the 
periods  of  the  two  forks  do  not  bear  a  simple  ratio  to  each  other, 
the  phase  of  the  resultant  vibration  will  change,  and  the  figure 
on  the  screen  will  be  seen  slowly  to  pass  through  all  the  varia- 
tions in  the  forms  of  these  curves  which  can  be  produced  by  a 
change  of  phase. 


LIGHT. 


CHAPTER  LII. 

THE    NATURE,    VELOCITY    AND    INTENSITY    OF    LIGHT. 

580,  Methods  of  Treatment.  Light  is  the  i)henoineiion  of 
the  vibration  of  the  ether  which  produces  the  sensation  of  sight. 
The  study  of  light,  like  the  treatment  of  sound,  may  be  consid- 
ered either  subjectively  or  objectively.  In  the  subjective  treat- 
ment, we  discuss  the  arrangement  and  properties  of  the  different 
media  of  the  eye,  the  structure  of  the  retina,  and  the  processes  by 
which  an  impression  which  is  received  upon  this  sensitive  mem- 
brane is  transmitted  through  the  optic  nerve  to  the  brain.  In 
the  objective  treatment,  we  have  to  deal  with  the  action  which  is 
taking  place  in  the  luminous  body,  the  communication  of  this 
action,  or  disturbance,  to  the  surrounding  medium,  and  the  meth- 
od by  which  this  disturbance  is  finally  propagated  to  the  eye. 
It  is  maiiily  with  the  latter,  or  the  objective  treatment  of  light, 
that  we  shall  have  to  deal  in  the  following  pages. 

581.  The  Rectilinear  Propagation  of  Light.  One  of  the  sim- 
plest phenomena  connected  with  the  subject  of  light  is  the  fact 
that  light  travels  in  straight  lines.  If  an  opaque  object  is  inter- 
posed between  a  point  source  of  light  and  a  screen,  the  straight 
lines  drawn  from  the  light  to  the  edges  of  the  object,  Fig.  396 
mark  the  boundaries  of  the  geometrical  shadow.  The  space  out- 
side the  lines  thus  drawn  is  illuminated,  while  the  region  inside 
is  shaded.  If  the  source  of  light  is  extended  in  area,  Fig.  397, 
the  boundaries  of  the  shadow  are  not  sharp.  This  is  due  to  the 
fact  that,  while  light  from  one  portion  of  the  source  may  l^e  in- 
tercepted by  the  opaque  object,  light  from  another  portion  may 
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pass  by  the  edges  of  this  object  and  so  produce  an  illumination. 
The  shadow  upon  the  screen,  then,  really  consists  of  two  parts, 
one,  a  totally  shaded  area,  called  the  umh'ci,  from  which  the  light 
is  entirely  excluded;  and  the  other,  a  surrounding,  partially 
darkened  region,  called  the  penumbra,  which  receives  light  from 


Fig.  300.  Tf  tho  source  of  light  is 
small,  the  shadow  is  sharply  de- 
fined. 


Fig.  "07.  If  the  source  of  light  is 
large,  a  penumbra  surrounds  the 
umbra. 


a  portion  only  of  tho  source,  and  which  varies  gradually  in  inten- 
sity from  the  total  obscurity  of  the  umbra  to  the  full  illumination 
of  the  unshaded  screen.  If,  however,  the  source  of  light  is  small, 
the  shadow  is  very  sharply  marked,  thus  showing  that  light  bends 
to  a  very  slight  extent  indeed  into  the  space  included  within  the 
geometrical  shadow.  Under  ordinary  conditions,  therefore,  light 
does  not  turn  a  corner. 

If  a  hole  is  made  in  an  opaque  screen  placed  before  a  source 
of  light,  rays  of  light  from  every  part  of  the  source  pass  in 
straight  lines  through  the  opening 
and  as  they  fall  upon  a  second  screen 
placed  beyond,  Fig.  398,  they  produce 
an  inverted  image  of  the  source. 
Since  each  part  of  the  image  is  con- 
nected with  the  corresponding  part  of 
the  object  by  a  straight  line,  the  size 
of  the  image  Avill  be  greater  the  far- 
ther the  second  screen  is  removed 
from  the  first,  although  the  bright- 
ness of  this  image  decreases  as  its  size 
increases. 

A  ray  of  light  may  be  defined  as  the  direction  in  which  light 
is  propagated.  It  has  no  real  existence,  but  is  merely  a  direction 
determined  by  the  effects  of  screens  and  apertures. 
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Fig.  39S.  Image  produced 
by  a  small  aperture,  show- 
ing the  rcctiliuear  propaga- 
tion   of   light. 
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582.  Theories  as  to  the  Nature  of  Light.  If  we  enter  an  nn- 
lighted  room  at  night  we  are  entirely  unconscious  of  the  contents 
of  the  room  until  a  light  is  brought,  after  which  the  various  ob- 
jects at  once  become  visible.  It  is  evident,  therefore,  that  the  pos- 
sibility of  perception  by  the  sense  of  sight  depends  primaiiy  up- 
on a  source  of  light  by  which  objects  are  illuminated,  and  that 
something  must  proceed  from  this  light  as  a  center  and  ulti- 
mately reach  the  eye,  in  order  that  the  sensation  of  sight  may  be 
produced.  What  the  nature  of  this  cause  of  light  may  be  is  a 
matter  which  has  been  studied  with  great  interest  by  men  of 
science  for  many  years.  As  early  as  the  middle  of  the  seven- 
teenth century  there  were  already  formulated  two  theories  to  ac- 
count for  the  phenomenon  of  light.  One  of  these,  known  as  the 
emissive  or  corpuscular  theory,  was  warmly  supported  by  New- 
ton, while  the  other,  known  as  the  wave  theory,  was  propounded 
by  the  great  mathematician  Huygens. 

According  to  the  emissive  or  corpuscular  theory,  it  was  thought 
that  little  particles  or  corpuscles  of  light  were  continually  pro- 
jected through  space  in  straight  lines  with  an  enormous  velocity, 
and  that  these  little  missiles  or  projectiles,  when  they  impinged 
upon  the  I'etina  of  the  eye,  produced  the  sensation  of  sight.  The 
main  reason  for  the  general  adoption  of  this  theory  was  the  fact 
which  Avas  then  well  understood,  that  light  travels  in  straight 
lines.  Sound  was  thought  to  be  a  wave  motion  because  it  can 
turn  a  corner  and  pass  behind  an  obstacle ;  but  since  light  travels 
in  straight  lines  and  does  not  to  any  great  extent  pass  into  the 
geometrical  shadow,  it  was  argued  that  light  cannot  be  a  wave 
motion.  Moreover,  the  fact  that  light  shadows  are  sharply  de- 
fined was  perfectly  consistent  with  the  emissive  theory,  because 
it  was  thought  that  sharp  shadows  could  be  produced  only  by  the 
fact  that  the  opaque  screen  intercepted  the  little  corpuscles  of 
light  which  travelled  in  straight  lines  from  the  source.  This, 
which  was  the  simplest  and  most  plausible  theory,  was  the  one 
first  adopted  by  the  earlier  investigators,  and  at  the  time  of  New- 
ton it  was  the  one  that  was  generally  accepted.  Indeed,  Newton 
himself  advocated  so  earnestly  the  corpuscular  theory,  that  the 
wave  theory  of  light,  which  Huygens,  his  contemporary,  pro- 
posed, received  for  a  century  and  a  half  but  little  attention. 

In  the  year  1801,  however,  Thomas  Young  pointed  out  a  series 
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of  phenomena  -which  were  wholly  at  variance  with  the  emissive 
theory,  but  which  admitted  of  ready  explanation  upon  the  wave 
theory.  Although  meeting  at  first  with  violent  opposition,  this 
test  proved  to  be  crucial  and  final ;  and  since  that  time  it  has  been 
recognized  not  onlj^  that  the  corpuscular  or  emissive  theory  can- 
not be  true,  but  also  that  the  Avave  theory  as  proposed  by  Huy- 
gens  is  undoubtedly  the  one  which  correctly  interprets  the  vari- 
ous phenomena  of  light. 

583.  The  Electromag-netic  Theory  of  Light.  The  adoption 
of  the  wave  theory  necessitated  the  assumption  that  the  luminous 
body,  or  a  portion  of  it,  was  in  a  state  of  vibration,  and  that  the 
vibrations  thus  produced  were  the  origin  of  the  light  waves.  In- 
asmuch as  the  light  emitted  by  a  sul)stanec  in  the  gaseous  form 
is  characteristic  of  that  substance,  it  was  thought  that  the  vibrat- 
ing particles  must  be  the  atoms,  since  these  alone  were  known  to 
be  different  in  different  bodies.  It  is  true  that  Maxwell,  in  1873, 
as  the  result  of  a  profound  mathematical  investigation,  showed 
that  the  propagation  of  light  might  be  explained  as  taking  place 
by  electromagnetic  waves  in  the  ether  of  space,  but  this  left 
still  undecided  the  nature  of  the  vibrations  in  which  the  ether 
waves  found  their  origin. 

It  was,  therefore,  not  until  the  discovery  of  the  electrons,  and 
the  undoubted  proof  that  these  particles  exist  not  only  among 
the  molecules  of  matter  but  also  in  orbital  motion  within  the 
atoms  themselves,  that  a  cause  was  found  for  the  production  of 
the  electromagnetic  waves  demanded  by  Maxwell's  theory.  Since 
a  magnetic  as  well  as  an  electrostatic  field  accompanies  a  moving 
electron,  the  ether  in  the  neighborhood  of  this  particle  is  con- 
stantly under  strain.  Accordingly,  when  the  electron  is  acceler- 
ated, that  is,  when  it  changes  either  its  velocity  or  its  direction  of 
motion,  the  strain  or  distortion  of  the  ether  changes  also,  and  an 
electromagnetic  wave  goes  out  from  this  jjarticle  as  a  center,  and 
is  propagated  through  space  with  the  velocity  of  light.  From  this 
it  follows  that  when  the  free  electrons  and  the  molecules  of  mat- 
ter, with  which  they  are  in  thermal  equilibrium,  mutually  bom- 
bard one  another,  they  are  constantly  accelerated,  since  their 
velocities  as  well  as  their  directions  of  motion  are  continually 
changing. 
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The  accelerated  electrons  may  therefore  be  regarded  as  the  ul- 
timate source  of  the  ether  waves ;  and  when  these  ether  waves 
break  upon  the  eye  with  the  requisite  rapidity  and  intensity,  they 
stimulate  the  retina  in  such  a  way  as  to  produce  the  sensation  of 
light.  This  hypothesis,  which,  indeed,  is  only  a  modification  of 
Huygens '  s  wave  theory,  enables  us  to  form  a  clearer  conception  of 
the  cause  and  nature  of  light  than  has  ever  before  been  possible. 

584.  The  Ether.  The  hypothesis  that  light  is  a  wave  motion 
demands  the  further  assumption  that  there  must  be  a  medium 
filling  all  space,  the  vibrations  of  which  produce  the  sensation  of 
light.  Since  light  travels  through  a  vacuum  and  also  through 
the  interstellar  spaces,  which  are  wholly  devoid  of  air,  it  was  soon 
seen  that  the  atmosphere  cannot  be  the  medium  by  means  of 
which  light  is  propagated.  It  has,  therefore,  been  necessary  to 
assume  the  existence  of  another  medium  called  the  ether,  extend- 
ing throughout  all  space  even  to  the  remotest  fixed  stars;  and 
the  vibrations  of  this  ether,  when  they  fall  upon  the  retina  of  the 
eye,  are  believed  to  produce  the  impression  of  sight.  The  only 
direct  evidence  of  the  existence  of  the  ether  is  the  fact  that  a 
luminous  body  originates  waves  in  this  medium,  and  that  the 
wave  length,  the  number  of  vibrations  per  second,  the  direction 
of  vibration,  and  the  velocity  of  propagation  are  all  capable  of 
measurement.  The  almost  inconceivably  great  velocity  with  which 
light,  or  this  wave  motion  in  the  ether,  is  propagated,  points  to  an 
enormously  high  elasticity  of  the  ether,  and  to  a  density  so  small, 
when  compared  with  other  material,  ponderable  bodies,  that  it 
cannot  in  any  way  be  measured  or  even  detected.  Numerous  ex- 
periments, Avhich  will  be  taken  up  in  detail  later,  show  conclus- 
ively that  the  vibrations  of  this  ether  are  transverse.  This  can 
be  interpreted  only  as  meaning  that  the  ether  has  elasticity  of 
form,  and  therefore  that  this  medium  must  be  of  the  nature  of  a 
Rolido  It  is  on  this  account  that  the  wave  theory  of  light  is  some- 
times called  the  elastic  solid  theory. 

585.  Huygens 's  Construction  for  the  Propagation  of  a  Spher- 
ical Wave.  Following  Huygens 's  assumption  that  light  is  a 
wave  motion,  we  must  think  of  the  electrons  in  a  luminous  body 
as  being  in  a  state  of  vibration,  and  of  these  vibrations  as  being 
communicated  in  all  directions  to  the  surrounding  ether.     Each 
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particle  of  the  ether,  therefore,  is  thrown  into  vibrations  pre- 
cisely similar  to  those  of  the  electrons  in  the  luminous  body  wliicli 
constitute  the  source  of  the  light  waves.  Moreover,^  since  the 
ether  is  homogeneous,  or  alike  in  all  directions,  the  vibratory  mo- 
tion is  propagated  Avith  equal  rapidity  in  all  directions,  so  that 
after  the  lapse  of  a  certain  time,  the  disturbance  is  found  upon 
the  surface  of  a  sphere  which  has  the  luminous  body  as  the  cen- 
ter. The  spherical  wave  of  light,  or  a  portion  of  this  spherical 
surface,  is  known  as  tliQ  ivave  front.  If  the  source  of  light  is 
very  distant,  so  that  the  radius  of  this  spherical  Avave  is  very 
great,  a  small  portion  of  this  sphere  may  be  considered  plane,  and 
we  may  then  speak  of  a  plane  wave  front. 

Since  light  is  propagated  with  equal  velocity  in  all  directions, 
all  points  upon  the  wave  front  are  vibrating  in  the  same  phase. 
The  ivavc  front,  therefore,  may  he  defined  as  the  continuous  lo- 
cus of  all  points  in  the  same  phase  of  vibration.  But  if  the  par- 
ticles of  the  wave  front  are  executing  vibrations  identical  in 
character  with  those  of  the  electrons  in  the  luminous  body,  each 
particle  upon  the  wave  front  must  be  considered  as  a  center  of 
disturbance  sending  out  little  spherical  waves  precisely  similar  to 
those  at  the  center.  Little  elementary  waves,  therefore,  start 
out  from  each  particle  on  the  wave  front  as  a  center,  Fig. 
399,  and  the  envelope    of    all    these    little    elementary  waves 


Fig.  .^90.  The  propagation  of 
a  spherical  wave  due  to  the 
Iluygens    wavelets. 


Fig.  400.  Iluy- 
gens wavelets:, 
originating  from 
the  unobstruct- 
ed portions  of  a 
wave  front. 


is  the  new  wave  front.  This  process  is  then  repeated.  As 
each  particle  of  this  new  wave  fi-ont  is  thrown  into  vibration,  it 
becomes  itself  a  center  of  disturbance  which  sends  out  little  elo- 
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mentary  ■waves,  and  the  envelope  of  all  these  little  elementary 
wave  fronts  becomes,  in  turn,  the  new  wave  front.  Thus  it  is  that 
the  spherical  wave  advances  from  one  position  to  another. 

Inasmuch  as  every  particle  of  the  wave  front  becomes  a  center 
of  disturbance  which  sends  out  little  elementary  waves,  the  en- 
velope of  these  latter  waves  is  continuous,  and  the  resulting  wave 
front  is  perfectly  smooth  and  spherical.  If,  hoAvever,  portions 
of  the  Avave  front  are  stopped  by  small  screens.  Fig.  400,  the 
wavelets  then  emanate  from  the  spaces  between  the  screens  as 
centers ;  but  in  this  case  these  centers  are  far  enough  apart  to  en- 
able the  existence  of  the  little  wavelets  to  be  detected,  and  the 
wave  front  is  then  found  to  be  no  longer  spherical  and  continu- 
ous. The  same  phenomenon,  however,  Avould  have  taken  place, 
and  the  same  series  of  wavelets  would  have  1)eeii  formed,  if  the 
little  screens  had  not  intercepted  certain  portions  of  the  wave 
front.  The  fact,  therefore,  that  an  unobstructed  wave  front  ad- 
vances in  the  spherical  form,  is  evidence  that  eacli  vibrating  par- 
ticle upon  this  surface  becomes  a  center  of  disturbance  which 
sends  out  elementary  waves,  and  the  envelope  of  these  little 
wave  fronts  becomes  the  new  wave  front. 

586.  Wave  Fronts  of  Light  are  Analogous  to  Sound  Waves. 
AVhile  the  presence  of  spherical  wave  fronts  of  light  in  the  ether 
cannot  be  experimentally  demonstrated,  the  fact  that  such  wave 
fronts  do  exist  and  are  propagated  in  the  method  just  described 
may  be  beautifully  shown  in  the  analogous  case  of  sound  waves 
in  the  air. 

The  A^ariations  in  the  density  of  the  air  produced  by  the  con- 
densations and  rarefactions  of  waves  of  sound  cause  a  very  min- 
ute bending  of  rays  of  light  which  pass  through  such  waves.  By 
allowing  these  rays  to  fall  upon  a  sensitive  plate,  Wood  has  been 
able  to  photograph  the  forms  of  sound  waves  as  they  exist  in  the 
air.  In  these  experiments,  the  source  of  disturbance  which  gives 
rise  to  Avaves  of  sound  is  the  sharp  snap  of  an  electric  spark,  pro- 
duced by  the  discharge  of  a  Leyden  jar.  A  Avave  of  aerial  con- 
densation and  rarefaction,  starting  from  this  spark  as  a  center, 
Fig.  401,  advances  in  a  spherical  form  through  the  air.  About 
the  ten-thousandth  of  a  second  later,  another  distant  spark  is 
produced,  giving  a  light  Avhich  illuminates  for  an  instant  the 
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Fig.  401.  The  snap  of  an 
electric  spark,  giving  rise 
to    a    sound    wave. 


spherical  wave  of  sound  prodneed  by 
the  first  spark,  and  this  light,  falling 
upon  a  photographic  plate,  causes  a 
shadow  of  the  sound  waves  to  be  re- 
corded. Although  the  details  of  the 
operation  are  not  simple,  the  process, 
in  brief,  may  be  described  as  taking  a 
flashlight  picture  of  a  sound  wave  af- 
ter it  has  advanced  a  short  distance 
from  its  source  of  disturbance. 

By  placing  little  screens  where  they  will  intercept  small  por- 
tions of  the  spherical  wave  front,  the  effect  produced  by  the  un- 
obstructed portion  of  the  wave  front 
may  be  studied.  It  is  then  seen,  Fig. 
402,  that  small  spherical  wavelets  origin- 
ate from  the  spaces  between  the  screens 
as  centers,  and  pass  out  as  little  spheri- 
cal waves  into  the  space  behind  the 
screens.  This  same  phenomenon  would 
have  taken  place  with  this  portion  of  the 
front  had  the  little  screens  not  been  pres- 
ent; and  therefore  it  is  seen  that  every 
particle  of  the  medium  of  the  wave  front 
is  a  center  of  disturl^ance  which  sends 
out  spherical  waves  precisel}^  similiar  to  those  at  the  center,  and 
that  the  new  wave  front  is  simply  the  envelope  of  all  these  ele- 
mentary spherical  waves. 

587.  The  Velocity  of  Light.  Since  light  travels  with  a  veloc- 
ity almost  inconceivably  great,  all  early  attempts  to  measure  the 
time  required  for  light  to  pass  from  one  place  to  another  upon 
the  earth's  surface  Avere  without  avail.  It  was  not  until  the  dis- 
covery of  the  telescope,  thus  enabling  interplanetary  spaces  to 
be  employed,  that  it  Avas  possil^le  to  detect  the  finite  time  required 
for  light  to  travel  over  a  certain  distance,  and  thus  to  determine 
its  velocitv. 


Fig.  402.  Elementary  sound 
vtaxes  proceeding  t'roni 
Til)i"ating  particles  of  the 
wave  front. 


588.  Eoemer's  Determination  of  the  Velocity  of  Light.  In 
the  year  1G7G,  Roemer,  a  Danish  astronomer  who  was  then  living 
in  Paris,  was  engaged  in  studying  the  innermost  of  the  four  prin- 
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eipal  satellites  of  the  planet  Jupiter.  He  observed  that  the  plane 
of  the  orbit  in  which  this  moon  revolves  practically  coincides  with 
the  plane  of  the  earth 's  orbit.  To  an  observer  on  the  earth,  there- 
fore, this  little  satellite,  which  reall}'-  revolves  in  a  circle  about  its 
primary,  appears  to  vibrate  with  harmonic  motion  along  the  dia- 
meter of  its  orbit  (p.  56),  passing  alternately  across  the  face  of 
the  planet  towards  the  earth,  and  behind  the  planet  away  from 
the  earth  and  from  the  sun.  When  on  the  farther  side,  the  little 
moon  enters  the  cone  of  the  shadow  cast  by  the  planet,  and  so  is 
eclipsed. 

As  long  as  the  earth  w^as  in  the  part  of  its  orbit  nearest  to 
Jupiter,  Roemer  observed  that  the  satellite  suffered  eclipse  at 
perfectly  regular  intervals.  From  the  period  of  this  body's  revo- 
lution, which  was  thus  determined,  the  times  at  which  future 
eclipses  would  occur  could  be  predicated  with  great  accuracy. 
It  was  soon  discovered,  however,  that  as  the  earth  receded  from 
Jupiter,  the  interval  between  eclipses  was  greater  than  the  known 

period  at  which  these  oc- 
curred, and  that  when  the 
earth  again  approached  the 
planet,  these  intervals  be- 
came shorter  than  this  per- 
iod. AVhen  the  earth  was 
on  the  opposite  side  of  the 
sun  and  farthest  from  Ju- 
piter, Fig.  •103,  the  eclipses 
took  place  once  more  with 
their  former  regularity,  al- 
though each  eclipse  was 
found  to  begin  996  seconds 
later  than  the  time  which 
had  been  predicted  six 
months  before.  (This  is 
the  value  for  the  interval  Avhich  is  known  to  be  correct.  The 
computed  value,  as  Roemer  determined  it,  was  somewhat 
greater) . 

Roemer  saw  that  all  of  these  results  were  consistent  with  the 
hypothesis  that  light  travels  with  a  finite  velocity.  It  was  obvi- 
ous that  the  eclipses  must  take  place  in  uniform  periods,  and 
would  be  observed  to  occur  at  regular  intervals  upon  a  station- 


FiG.  403.  The  earth  in  two  positions 
with  reference  to  the  sun  and  to 
Jupiter. 
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ary  earth.  While  the  earth  was  receding  from  Jupiter,  the  light 
from  each  eclipse  had  a  farther  distance  to  travel  than  that  from 
the  eclipse  preceding,  and,  similarly,  when  the  earth  was  ap- 
proaching the  planet,  the  light  from  each  eclipse  had  a  corres- 
pondingly shorter  distance  to  travel.  All  of  these  discrepancies 
for  the  period  of  recession  or  approach  amounted  to  16  minutes 
and  36  seconds,  and  the  aggregate  increases  of  distance  which  the 
light  had  to  travel  when  the  earth  was  farthest  from  Jupiter, 
was  then  the  diameter  of  the  earth's  orbit,  or  186,000,000  miles. 
This  gives  as  the  velocity  of  light  approximately  186,000  miles 
per  second,  which  is  very  nearly  the  accepted  value  at  the  pres- 
ent time.  Although  Roemer's  attribution  of  these  effects  to  tiie 
finite  velocity  of  light  was  at  first  discredited,  it  has  since  that 
time  been  corroborated  in  the  most  satisfactory  manner,  and  the 
velocity  with  which  light  travels  is  now  known  to  differ  not 
Avidely  from  300,000  kilometers  per  second. 

589.  The  Aberration  of  Light.  A  second  determination  of 
the  velocity  of  light  by  the  employment  of  astronomical  means 
was  made  by  Bradley  in  1726.  Bradley  discovered  that  the  ap- 
parent positions  of  the  fixed  stars  vary  with  the  motion  of  the 
earth,  so  that  the  stars  all  seem  to  move  one  way  during  one-half 
of  the  revolution  of  the  earth  about  the  sun,  and  in  the  opposite 
direction  during  the  other  half  of  this  revolution.  An  investiga- 
tion as  to  the  cause  of  this  apparent  displacement  of  the  stars 
from  their  true  positions  led  to  the  discovery  of  the  phenomenon 
of  the  aberration  of  light. 

The  principle  upon  which  this  effect  depends  may  be  illus- 
trated by  imagining  a  person  to  carry  an  umbrella  in  a  rain 
which  comes  vertically  downward.  As  long  as  the  person  stands 
still,  the  umbrella  -shields  him  completelj^  and  he  perceives  the 
rain  falling  in  its  true  direction.  If,  however,  he  moves  for- 
ward, still  carrying  the  umbrella  in  the  same  position,  he  may 
move  so  rapidly  as  to  intercept  a  drop  of  rain  which  passes  the 
edge  of  his  umbrella,  and  the  rain  then  strikes  his  face.  To  tlie 
person,  therefore,  the  rain  apparently  comes  in  an  inclined  direc- 
tion, wliich  is  really  the  resultant  of  his  own  motion  forward  and 
the  motion  of  the  rain  downward.  Moreover,  to  shield  himself 
entirely  from  the  rain,  he  will  have  to  incline  his  umbrella  in  the 
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direction  in  Avhicli  he  is  moving,  the  amount  of  this  inclination 
being  greater  as  his  own  motion  forward  increases. 

In  an  analogous  manner,  the  phenomenon  of  the  aberration  of 
light  depends  upon  the  relative   velocities  of  the  earth   and   of 
light.    Thus,  if  8,  Fig.  404,  represents  a  star  directly  overhead, 
and  AB  is  a  tclc3cope  through  which  the  star  is  observed,,  the 
light  from  the  star,   falling  upon  the  tele- 
scope at  A,  would  pass  down  the  tube  to  the 
observer's  eye  at  B,  if  the  telescope  were  up- 
on a  stationary  earth.     But  during  the  time 
required  for  the  light  to  travel  the  length  of 
the  telescope  from  A  to  B,  the  telescope  has 
moved  from  B  to  B',  being  carried  forward 
by  the  earth    in    its    motion    of    revolution 
around  the   sun,  and   the   light,  instead   of 
reaching  the  observer's  eye  at  B,  will  strike 
against  the  side  of  the  tube.     The  tube  of 
the  telescope,  therefore,  must  be  inclined  for- 
ward in  the  position  AB'^  by  such  an  amount 
that  the  eye-piece  S''  of  the  telescope  will  be 
in  the  position  B  when  the  light  which  en- 
ters A  reaches  the  bottom  of  the  tube.     The 
light,  therefore,  in  reality  travels  along  the  straight  line  AB,  al- 
though to  the  observer  stationed  at  5"  it  appears  to  come  in  the 
direction  AB'\ 

Inasmuch  as  an  object  is  always  seen  in  the  direction  of  the 
ray  of  light  which  enters  the  eye,  it  follows  that,  to  the  observer 
at  5"  the  star  does  not  seem  to  be  in  its  true  position  at  S,  but 
appears  to  be  displaced  to  the  position  S'  that  is,  in  the  direction 
of  the  motion  of  the  earth.  The  amount  of  this  displacement  de- 
pends upon  the  direction  in  which  the  earth  moves  with  refer- 
ence to  the  star,  and  reaches  the  maximum  value  of  20". 5  when 
the  motion  of  the  earth  and  the  direction  of  the  star  are  at  right 
angles  to  each  other.  Since  the  distance  B^'B,  Is  traversed  by  the 
earth  in  the  time  required  for  the  light  to  pass  from  A  to  B,  the 
ratio  of  these  distances  is  also  the  ratio  of  the  velocity  v  of  the 
earth  in  its  orbit  to  the  velocity  V  of  light.  Accordingly,  we 
have  the  relation 


B' 

The  dis- 
placement of  a  star 
due  to  the  aberration 
of  light. 
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where  a  is  the  .above  niaxiniuin  angular  disi)lacenient  of  a  star, 
and  is  known  as  the  angle  of  aberration.  The  tangent  of 
20";5  is  about  1/10,000,  and  the  known  velocity  of  the  earth  iu 
its  orbit  is  approximately  30  kilometers  per  second.  From  this, 
the  value  of  the  velocity  of  light  is  determined  to  be  not  far  from 
300,000  kilometers  per  second. 

The  displacement  of  the  stars  from  their  true  positions,  due 
to  the  motion  of  the  earth,  is  known  as  the  aberration  of  light, 
and  has  been  interpreted  as  pointing  to  a  relative  motion  between 
the  earth  and  the  ether.  When,  however,  experiments  involving 
these  quantities  are  tried  in  the  laboratory,  no  such  relative  mo- 
tion has  been  found  to  exist.  The  ether  then  appears  to  be  at 
rest  with  respect  to  the  earth,  as  if  the  latter,  in  its  motion 
through  space,  carried  with  it  the  ether  in  its  immediate  neigh- 
borhood. Nevertheless,  the  two  experiments  are  hardly  identical 
in  nature,  inasmuch  as  the  light  from  the  star  proceeds  from  a 
fixed  source,  Avhile  that  from  the  terrestrial  luminant  necessarily 
partakes  of  the  motion  of  the  earth.  This  entire  subject  has,  of 
late,  given  rise  to  much  discussion ;  and  it  must  be  admitted  that 
the  true  motion  of  the  earth  relative  to  the  ether,  and  the  extent 
to  which  the  ether  is  dragged  along  by  the  earth  in  its  passage 
through  this  medium,  are  prol)lems  which  at  present  are  not  well 
understood. 

590,  Fizeau's  Determination  of  the  Velocity  of  Light.  In 
1849,  Fizeau  measured  the  interval  of  time  required  for  light  to 
travel  from  one  point  to  another  on  the  surface  of  the  earth,  and 
thus  determined  the  velocity  of  light  solely  by  terrestrial  mea- 
surements. The  device  whi.ch  Fizeau  employed  is  shoAvn  dia- 
grammatically  in  Fig.  405.  A  ray  of  light  from  a  source  L 
passed  between  the  teeth  of  a  cog-wheel  TV,  and  was  reflected  by 
a  distant  mirror  M  directly  back  upon  its  own  path,  so  that  it 
again  passed  througli  the  open  space  between  the  same  two  teeth. 
When  the  wheel  was  rotated  with  a  moderate  speed,  the  light 
could  still  be  seen  between  the  teeth  as  it  was  reflected  from  the 
distant  mirror.    At  a  much  higher  speed  of  rotation,  it  was  found 
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that,  during  the  time  required  for  the  light  to  pass  from  W  to  31 
and  back  again  to  W,  the  wheel  had  turned  by  such  amount  that 
the  light,  ■which  had  passed  between  two  teeth  as  it  travelled  from 
the  source  of  light  to  the  mirror,  was  now  intercepted  by  a  tooth 
as  it  was  reflected  back.    The  number  of  teeth  in  the  wheel  and 

the  speed  of  rota- 
tion being  known, 
the  interval  of 
time  required  for 
the  wheel  to  turn 
from  an  opening  to 
tooth  was  likewise 
known.  But  in  this 

Fig.   40r>.     Diagram   of   Fizeau's   method  of  deterniin-       interval,    the    light 
iug-    the    velocity    of   light.  n     t    « 

had  travelled  from 
the  wheel  to  the  mirror  and  back  again,  and  hence  the  velocity 
could  be  determined. 

At  a  still  higher  speed  of  rotation,  the  light,  which  before  had 
been  eclipsed  by  a  tooth  on  its  return  from  the  mirror,  again  ap- 
peared, thus  showing  that  in  the  interval  required  for  the  light 
to  pass  from  the  wheel  to  the  mirror  and  back  again,  the  wheel 
had  turned  from  one  opening  to  the  next.  Accordingly,  the 
light  which  passed  between  two  teeth  of  the  wheel  as  it  started 
towards  the  mirror,  passed  between  the  next  two  as  it  returned, 
the  wheel  having  rotated  by  this  amount  in  the  interval.  Fizeau 
found  a  value  for  the  velocity  of  light  somewhat  greater  than 
300,000  kilometers  per  second,  but  he  himself  felt  that  this  was 
too  great.  Cornu  repeated  this  experiment  in  1874,  and  obtained 
a  value  almost  identical  with  the  results  obtained  by  other  meth- 
ods. 

591.  Foucault's  Method  of  Measuring  the  Velocity  of  Light. 
In  the  year  1850,  Focault  devised  a  means  of  measuring  the  velo- 
city of  light  by  a  process  not  wholly  unlike  that  of  Fizeau ;  and 
his  method,  in  the  hands  of  later  experimenters,  has  given  re- 
sults which  are  regarded  as  very  nearly  the  actual  value.  The 
general  plan  which  Foucault  employed  consisted  in  measuring 
the  exceedingly  short  interval  of  time  required  for  light  to  travel 
a  measured  distance  on  the  surface  of  the  earth. 


FOUCAULT  S  METHOD. 
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Rays  of  liprh^  from  a  source  L,  FU^.  406,  fell  upon  a  niin-or  J/, 
and  were  reflected  to  a  distant  mirror  .V,  striking  the  latter  nor- 
mally, so  that  they  were  reflected  back  along  the  same  path  over 
which  they  had  come.  Accordingly,  when  the  mirror  M  remained 
stationary,  the  ray  of  light  L3I  was  reflected  to  N,  then  back  to 
31,  and  again  to  L.  The  mirror  at  31,  however,  was  so  mounted 
that  it  could  be  rapidly  rotated ;  and  in  the  interval  of  time  re- 
quired for  the  light  to  travel  from  31  to  N  and  back  again  to  31, 
it  turned  through  a  small  angle.  The  ray  of  light,  therefore, 
when  reflected  from  .V  to  31,  did  not  strike  the  mirror  31  at  the 
same  angle  as  that  at  which  it  left  this  mirror  on  its  way  to  .V, 
and  accordingly,  instead  of  being  reflected  to  the  original  source 
L  it  was  reflected  to  some  new  position  such  as  L'.  The  angle 
L3IL^  was  then  carefully  measured ;  and  since  this  angle  was 
twice  as  great  as  that  through  which  the  mirror  31  had  turned, 
as  will  be  shown 
later,  the  latter 
angle,  and  there- 
fore also  the  frac- 
tional part  of  a  ro- 
tation Avhich  the 
mirror  31  had 
made,  could  be  de- 
termined. But  this 
fractional  part  of 
a  rotation  Avas  the 
time  required  for 
the  light  to  travel 
from  31  to  .V  and 
back  again  to  31. 
The  distance  and  the  time  occupied  by  the  light  in  traversing 
this  distance  being  thus  determined,  the  velocity  of  liuht  could 
be  at  once  computed. 

Later,  :\Iiehelson  and  Newcomb  independently  repeated  Fou- 
caulfs  experiment,  and  obtained  results  agreeing  almost  exactly 
The  value  for  the  velocity  of  light,  resulting  from  the  work  of 
these  investigators,  may  be  taken  as  299,860  kilometers  per  sec- 
ond, or,  roughly  300,000  kilometers  per  second.  It  is  extremely 
probable  that  this  result  does  not  differ  greatlv  from  the  true 
value. 


Fig.  40G. 


Diagram  of  Fouoaulf  s  method  of  determin- 
ing the  velocity  of  light. 
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592.  The  Variation  of  the  Intensity  of  Light  with  the  Dis- 
tance from  the  Source.  Since  Ave  know  that  light  is  a  wave 
motion  of  the  ether,  it  is  evident  that,  after  the  lapse  of  a  certain 
interval  of  time,  the  disturbance,  which  originates  at  the  source 
of  light,  is  distributed  over  the  surface  of  a  sphere  of  area  s  and 
radius  r,  Fig.  407,  where  r  is  the  distance  the  light  travels  dur- 
ing that  interval.     The  entire  surface  of  the  spherical  wave  is 

in  -a  state  of  vibration 
and  represents  a  certain 
store  of  energy.  After  the 
lapse  of  another  interval 
of  time,  the  spherical  wave 
has  advanced  in  all  direc- 
tions, so  that  the  energy, 
which  was  formerly  dis- 
tributed over  the  spherical 
surface  s,  having  a  radius 
r,  is  noAV  found  upon  the 
spherical  surface  S,  having 
a  radius  R.  From  this  it 
follows  that  the  amount  of 
energy,  and  therefore,  also, 
the  amount  of  light  falling  upon  unit  area  of  each  of  these 
surfaces,  must  be  inversely  proportional  to  the  extent  of  these 
surfaces. 

If  we  now  define  tlie  intensity  of  liglit  as  tlie  amount  of  liglit 
falling  upon  unit  area,  it  is  evident  that  the  relative  intensities  of 
the  light,  at  the  distances  r  and  R  from  the  source,  are  inversely 
proportional  to  the  extent  of  the  spherical  surfaces  s  and  S,  hav- 
ing these  distances  as  radii.  Accordingly,  if  i  represents  the  in- 
tensity of  the  light  on  the  surface  of  the  smaller  sphere  s,  and  I 
the  intensity  on  the  surface  of  the  larger  sphere  S,  then 


Fig. 


407.       Two     spherical     wave 
about    a    luminous    source. 


fronts 


But 
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and  therefore, 


:  T  = 


J_   .  1_ 


X 


Inasmiu'h  as  r  and  B  are  the  distances  of  the  respective  surfaces 
from  the  source  of  illumination,  it  follows  that  i\c  intensity  of 
light  varies  inversely  as  the  square  of  the  distance  from  the 
source. 

The  truth  of  this  law.  appears  at  once  when  we  remember  that 
the  amount  of  light  received  by  the  area  a  bed,  Fig.  408  on  the 
surface  of  the  smaller  sphere,  is  distributed  over  the  area  A  B 
C  D  on  the  surface  of  the  larger  sphere.  If,  now,  the  radius  of 
the  larger  sphere  is  twice  that  of  the  smaller,  the  area  A  B  C  D 
is  four  times  that  of  a  &  c  d,  and  the  amount  of  light  received 
X>er  unit  area  on  the  larger  sphere  is  only  one-quarter  of  that  re- 
ceived per  unit  area  on  the  smaller.  But  the  amount  of  light  fall- 
ing upon  unit  area 
is  the  measure  of 
the  intensity  of  the 
light ;  and  there- 
fore we  see  that  as 
the  distance  from 
the  source  is  made  ^i' 
twice  as  great,  the 
the  intensity  becomes  only  one-quarter  as  great,  or  that  the  in- 
tensity of  light  varies  inversely  as  the  square  of  the  distance 
from  the  source. 

593.  Photometry.  In  making  photometric  measurements,  or 
determinations  of  the  intensity  of  light,  it  is  usual  to  compare 
the  illumination  produced  by  the  light  under  examination  with 
that  from  another  source  which  is  regarded  as  a  standard.  Since 
it  is  impossible  directly  to  estimate  the  amount  by  which  one 
light  is  iDrighter  than  another,  the  comparison  between  the  two  is 
accomplished  by  placing  both  before  a  screen,  and  adjusting  their 
distances  until  the  illumination  produced  by  each  is  the  same. 
The  intensities  of  the  two  sources  are  then  directly  as  the  squares 
of  these  distances.     This  may  be  seen  by  considering  that  the 


408.     The   intensity   of  ligtit   varies   inverselj- 
the   square   of   the   distance   from   the    source. 
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two  sources  of  light  are  the  centers  of  tAvo  spherical  waves  in  the 
ether  which  are  tangent  to  each  other  at  the  screen,  Figs.  401) 
and  410,  and  which  have  equal  energy  per  unit  area  on  their  sur- 
faces. The  relative  amounts  of  energy  which  these  sources  send 
out,  or,  in  other  words,  the  relative  intensities  of  these  sources, 
are  proportional  to  the  areas  of  these  spherical  surfaces,  that  is, 
to  the  squares  of  their  radii,  from  which  it  follows  that  the  in- 
tensities of  the  two  sources  vary  directly  as  the  squares  of  their 
respective  distances  from  the  screen. 


h 


Fig.  409.  Equality  of  illumi- 
nation from  two  sources. 
Principle  of  the  shadow 
photometer. 


Fig.  410.  Equality  of  illumination 
from  two  sources.  Principle  of  the 
Buusen   photometer. 


It  is  to  be  observed  that  the  intensity  of  the  liglit  from  a  single 
source  varies  inversely  as  the  square  of  the  distance  from  that 
source.  The  relative  intensities  of  two  sources,  however,  vary 
directhj  as  the  squares  of  the  respective  distances  of  these  sources 
from  the  point  at  which  the  illumination  produced  l)y  each  is  the 
same. 

In  comparing  luminous  intensities,  a  unit  of  light  called  the 
candle  power  is  used,  the  standard  candle  being  made  of  pure 
sperm  wax,  weighing  one-sixth  of  a  pound,  and  burning  120 
grains  of  wax  per  hour.  The  light,  however,  emitted  even  by  the 
most  carefully  made  candles  is  so  exceedingly  variable,  that  other 
standards  have  been  tried,  notably  the  light  from  a  lamp  which 
burns  amylacctate,  the  wick  being  of  a  certain  diameter,  and  the 
flame  carefully  adjusted  to  a  certain  height.  This,  too,  while  pos- 
sibly more  reliable  than  the  standard  candle,  has  proved  unsatis- 
factory, and  so  photometric  measurements  may  be  regarded  as 
only  approximate. 


THE  SHADOW  AND  THE  BUNSEX  PHOTOMETERS. 
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594.  The  Shadow  Photometer.  Of  the  many  forms  of  pho- 
tometers, or  devices  for  measuring  light,  which  are  in  common 
use,  two  may  be  mentioned  as  the  simplest  and  most  practical. 
One  of  these,  knoAvn  as  the  shadow  photometer,  was  devised  by 
Count  Rumford,  and  consists  of  a  means  of  estimating  the  equal- 
ity of  the  two  shadows  of  an  object,  cast  by  the  two  sources  of 
light  to  be  compared.  A  standard  candle  C  and  the  source  of 
light  L  to  be  examined  are  placed  near  each  other  on  a  table, 
Fig.  411.  and  a  rod  ^i,  or  other  opaque  object,  is  so  placed  that 
it  casts  a  shadow  from  each  source  upon  a  screen.  The  lights  are 
then  so  adjusted  that  the  two  shadows  cast  by  the  rod  are  side 
by  side  and  are  equally  dark.  The  shadow  M  is  that  of  the  rod 
cast  by  the  standard  candle  C,  but  this  shadow  is  illuminated  by 
the  light  L:  and  the  shadow  X  is  that  of  the  rod  cast  by  the  light 
L,  but  this  is  illuminated  1)3^  C.  The  comparison  of  the  uniform- 
ity of  the  two  sha- 
dows, therefore,  is 
simx)ly  a  compari- 
son of  the  equality 
of  the  illumination 
of  these  two  shad- 
ed portions.  The 
distance  of  each 
light  from  the 
sci-een  is  then  measured,  and  the  ratio  of  the  intensities  of  the 
lights  is  the  ratio  of  the  squares  of  the  distances. 

595.  The    Bunsen    Photometer.     Another  device,  known  as 
the  Bunsen  photometer,  consists  of  a  long  graduated  bar.  Fig.- 


Fig.  411.     The  shadow   photometer. 


Fig.    412.     Tho   lUinseu    pliotometer. 


412,  with  the  standard  candle  and  the  source  of  light  to  be  mea- 
sured at  opposite  ends.    The  process  of  determining  the  relative 
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intensities  of  the  two  lights  consists  of  finding  the  point  on  the 
bar  where  the  illumination  produced  by  one  light  is  just  equal  to 
that  produced  by  the  other  after  which  the  distance  of  each  light 
from  that  point  may  be  read  off  from  the  scale  beneath.  The 
ratio  of  the  squares  of  these  distances  then  gives  the  relative  in- 
tensities of  the  lights. 

The  great  advantage  of  the  Bunsen  photometer  consists  in  de- 
termining with  great  accuracy  the  point  on  the  bar  where  the 
illuminations  produced  by  the  two  sources  are  equal.  The  device 
by  which  this  is  accomplished  consists  of  a  sheet  of  paper  with 
an  oiled  spot  in  the  center,  Fig.  413.  This  oiled  spot  appears 
darker  than  the  paper  by  reflected  light,  but  lighter  than  the 
paper  by  transmitted  light.  Accordingly,  if  the  prepared  piece  of 
paper  is  placed  between  the  two  lights  to  be  compared,  it  ap- 
pears bright  with  a  dark  center  when  viewed  from  the  side  or 
the  brighter  light,  and  dark  with  a  bright  center  when  viewed 
from  the  side  of  the  weaker  light.  "When  the  illuminations  on 
both  sides  are  equal,  the  paper  has  a  per- 
fectly uniform  appearance,  and  the  oiled 
spot  vanishes  completely.  The  art,  there- 
fore, of  ''setting"  the  photometer  consists 
of  moving  this  screen  of  paper  back  and 
forth  until  the  oiled  spot  in  the  center  dis- 
appears, and  the  point  at  which  this  occurs 
Fig.  413.    The  Bunsen     jg  the  position  on  the  bar  at  which  the  illu- 

photometer  disc. 

minations  produced  by  the  two  lights  are 
equal.  The  distance  from  the  screen  to  each  of  the  lights  is  then 
determined,  and  the  squares  of  the  distances  represent  the  rela- 
tive intensities  of  the  two  lights. 


CHAPTER  LIII. 


THE   REFLECTION   OF   LIGHT. 


596.  The  Conditions  of  Reflection.  AVhenever  a  beam  of 
light  meets  a  medium  in  any  way  different  from  the  one  in  which 
it  has  been  travelling,  it  is,  in  general,  divided  into  two  parts. 
One  of  these  parts  is  turned  back  into  the  medium  in  which 
it  has  advanced,  while  the  other  is  propagated  in  the  second 
medium,  or  else  is  absorbed.  That  portion  of  the  orig- 
inal beam  which  is  thus  turned  back  and  travels  again  in  the 
first  medium  is  called  the  reflected  beam:  the  other  portion, 
which  enters  the  second  medium,  will  be  considered  later.  The 
amount  of  the  original  beam  which  undergoes  reflection  depends 
upon  the  angle  at  which  the  light  meets  the  reflecting  surface, 
and  also  upon  the  state  of  polish  of  this  surface.  If  this  polish 
is  as  nearly  perfect  as  possible,  the  reflected  light  will  be  confined 
practically  to  a  single  direction,  and  the  mirror  itself  will  appear 
dark;  but  if  the  surface  is  rough,  or  if  the  polish  is  incomplete, 
reflections  take  place  in  all  directions,  and  we  have  diffuse  or 
irregular  reflection.  In  general,  no  surface  is  so  perfectly  pol- 
ished that  all  of  the  light  is  regularly  reflected ;  and,  on  the  other 
hand,  no  surface  is  so  rough  but  that  a  small  portion  will  under- 
go regular  reflection,  if  the  incident  light  is  nearly  parallel  to  the 
surface. 

597.  Explanation  of  Regular  Reflection  upon  the  Undulatory 

Theory.  The  wave  theory  enables  us  fully  to  explain  the  phe- 
nomenon of  the  regular  reflection  of  light,  and  to  deduce  the  laws 
according  to  which  this  reflection  takes  place,  as  may  be  seen 
from  the  following  demonstration. 

If  C  is  a  luminous  point.  Fig.  414,  and  A  B  a  plane  mirror 
with  its  reflecting  surface  upward,  we  are  to  inquire  as  to  the 
position  of  the  wave  front  of  the  light  after  reflection  from  this 
mirror  occurs.  Before  reflection,  this  wave  front  is  a  portion 
of  a  spherical  surface,  which  has  the  point  C  as  a  center,  and 
which  advances  towards  the  mirror  AB  bv  Huygens's  construe- 
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tion  (p.  733).  That  is,  every  point  upon  this  wave  front  be- 
comes a  center  of  disturbance  which  sends  out  little  spherical 
waves ;  and  the  envelope  of  all  these  little  secondary  waves, 
which  are   also  known   as   the   Huygens   wavelets,  becomes  the 

new  Avave  front. 

In  this  way,  after 
the  lapse  of  a  certain 
time,  the  wave  front 
would  have  reached 
the  position  F'  G' ,  if 
tlie  mirror  had  not 
])eeii  present.  This 
Avould  have  been  ac- 
complished by  the 
fact  that  the  disturb- 
ances which  go  out, 
for  instance,  from  D 
and  E  as  centers, 
would  then  have  been 
found  upon  the  sur- 
face of  spherical 
wavelets  Avhich  had  D  G'  and  E  F^,  respectively,  as  r^.dii.  In  a 
similar  way,  every  point  between  D  and  E  would  have  contrib- 
uted wavelets,  all  of  which  would  then  have  been  tangent  to  the 
enveloping  wave  front  F^  G^.  But  since  the  mirror  is  present,  and, 
therefore,  since  the  wave  propagation  cannot  take  place  in  the 
directions  D  G'  and  E  F' ,  it  must  remain  in  the  medium  above 
the  mirror;  and  the  disturbances  which  actually  go  out  from  T) 
and  E  as  centers  are  now  found  upon  the  circumferences  of 
spherical  wavelets  which  have  equivalent  distances,  namely,  D  G 
'and  E  F  as  radii.  Moreover,  every  point  between  D  and  E  upon 
the  mirror  surface,  as  the  wave  front  reaches  it,  becomes  a  center 
of  disturbance  which  sends  out  spherical  wavelets,  and  the  enve- 
lope of  all  these  secondary  wavelets  becomes  the  new  wave  front 
F  G. 

Accordingly,  the  effect  of  the  reflection  from  the  mirror  has 
been  to  change  the  direction  of  curvature  of  the  wave  front,  and 
therefore,  also,  the  direction  in  which  this  wave  front  advances. 
The  wave  fronts  F  G  and  F'  G',  one  being  above  the  mirror  and 


Fig.   414.     Explanation  of  the  regular   reflection  of 
light  upon  the  undulating  theory. 
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the  other  below  it,  are  thus  envelopes  of  spherical  wavelets  which 
have  equal  radii,  from  which  it  follows  that  these  wave  fronts  are 
^ymvictrical  with  respect  to  the  surface  of  the  mirror.  But  F' 
G'  is  the  portion  of  a  sphere  of  Avhich  C  is  the  center,  and  there- 
fore F  G  is  the  portion  of  a  spherical  surface  of  which  C  is  the 
center,  where  C  is  symmetrical  with  C.  The  location  of  the 
point  C  is  thus  perfectly  definite.  In  other  words,  C  is  behind 
the  reflecting  surface,  on  the  perpendicular  drawn  from  C  to  this 
surface,  and  just  so  far  behind  this  surface  as  the  point  C  is  in 
front  of  it.  Accordingly,  the  spherical  wave  front  of  the  re- 
flected wave  travels  away  from  the  mirror  as  if  it  actually  came 
from  the  point  C\ 

598.  The  Laws  of  Regular  Reflection.     If  we  do  not  consider 

the  spherical  waves  of  light,  l3ut  the  radii  of  these  waves,  or  the 
raijs  of  light,  as  they  depart  from  C,  Fig.  414,  it  is  evident  that 
the  ray  C  D,  for  instance,  will  be  reflected  as  the  ray  D  G,  and 
and  the  ray  C  E  will  be  reflected  as  the  ray  E  F,  both  of  these 
rays,  leaving  the  mirror  surface  as  if  they  calne  from  C^  The 
ray  departing  from  the  luminous  source  and  striking  the  mirror 
is  called  the  incident  ray,  and  the  ray  which  leaves  the  mirror 
after  reflection  is  called  the  reflected  ray.  If  XN'  is  drawn  nor- 
mal to  the  reflecting  surface  at  the  point  D,  the  plane  determined 
hy  tlie  incident  ray  and  the  normal  is  called  the  plane  of  inci- 
dence. Moreover,  the  angle  CDN,  formed  by  the  incident  ray  and 
the  normal,  is  called  tlie  angle  of  incidence,  and  the  angle  NDG, 
formed  by  the  normal  and  the  reflected  ray,  is  called  the  angle  of 
reflection.  Inasmuch  as  the  upper  part  of  the  flgure  is  in  every 
way  symmetrical  M-ith  the  lower,  the  reflected  ray  BG  must  be 
in  the  plane  of  incidence,  since  the  ray  J)G',  which  is  symmetri- 
cal with  DG,  is  in  the  plane  of  incidence.  We  have,  therefore, 
the  first  law  of  regular  reflection,  namely,  the  reflected  ray  re- 
mains in  tlie  plane  of  incidence.     Furthermore,  since 

Angle  CDN  =  Angle  CBN',  (by  symmetry) 

and  since 

Angle  NBG  =  Angle  CBN'  (vertical,  angles) 

it  follows  that 


750  THE   REFLECTION    OF    LIGHT. 

Angle  CDN  =  Angle  NDG. 

But  CBN  is  the  angle  of  incidence,  and  NDG  is  the  angle  of  re- 
flection. "We  have,  therefore,  the  second  great  law  of  regular 
refletion,  namely,  tlie  angle  of  incidence  equals  the  angle  of  re- 
fiection. 

599.  When  the  Mirror  Rotates,  the  Reflected  Ray  Moves 
Through  Twice  the  Angle  Through  Which  the  Mirror  Turns. 

Because  of  the  second  law  of  regular  reflection,  it  follows  that  if 
the  angle  of  incidence  changes  by  a  certain  amount,  the  angle  of 
reflection  must  change  by  the  same  amount.  Accordingly,  if  the 
mirror  is  turned  through  a  certain  angle,  the  normal  to  the 
mirror  will  be  turned  through  the  same  angle,  the  angle  of  inci- 
dence will  then  change  by  this  amount,  the  angle  of  reflection 
will  also  change  by  the  same  amount,  and  the  angle  betAveen  the 
incident  and  the  reflected  ray  will  change  by  twice  this  amount. 
Therefore,  if  the  incident  ray  maintains  its  original  direction, 
the  reflected  ray  moves  through  an  angle  twice  as  great  as  that 
through  which  the  mirror  turns. 

600.  Images  in  Plane  Mirrors.  We  have  seen  that  rays  of 
light,  when  reflected  by  a  plane  mirror,  leave  this  surface  as  if 
they  came  from  a  point  behind  the  mirror  which  is  symmetrical 
with  the  radiant  point  before  it.  This  point  Ijehind  the  mirror, 
symmetrical  with  the  luminous  point  in  front,  is  known  as  the 
image  of  the  radiant  point.  The  image  of  a  point  therefore  is 
defined  as  the  point  at  which  the  rays  of  light  mee^  or  seem  to 
meet  after  reflection.  If  the  raja's  of  light,  after  leaving  the  mir- 
ror surface,  really  meet  at  the  image,  the  image  is  said  to  be  real ; 
but  if  they  do  not  actually  meet  at  this  point,  but  only  appear 
to  do  so,  the  image  is  said  to  be  virtual.  The  image  in  a  plane 
mirror  is  therefore  always  virtual. 

The  image  of  an  object  is  the  assemblage  of  the  images  of  its 
several  points.  Since  the  image  of  an  object  is  symmetrical  v/ith 
the  object,  the  image  is  always  perfectly  definitel}^  located,  and 
in  a  plane  mirror  it  is  always  behind  the  mirror,  on  the  perpen- 
dicular from  the  object  to  the  mirror,  and  just  as  far  behind  the 
mirror  as  the  object  is  in  front  of  it.  The  image,  therefore,  is 
just  as  fixed  in  position  as  is  the  object  which  produces  it,  and  is 
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wholly  independent  of  the  position  of  the  eye  by  which  it  is  seen. 

Accordingly,  it  is  a  perfectly  simple  matter  to  construct  images  of 

objects  in  a  plane  mirror,  since  this  can  be  done  by  constructing 

the  image  of  several  of  its  points,  and  connecting  these  by  lines. 

Thus  if  M3r,  Fig.  415,  represents  a  plane  mirror,  and  AB  is  an 

object  before  it,  the  image  of  each  point  of  the  object,  in  this 

case  an  arrow,  may  be  located  by  the  above  rule 

for  the  position  of  images.     Since  the  image  of 

the  point  A  must  be  symmetrical  with  the  point 

.4.  itself,  it  must  be  behind   the  mirror,  on  the 

perpendicular  from  the  point  A  to  the  mirror, 

and  just  as  far  behind  the  mirror  as  this  point 

is  in  front  of  it.     The  image  A'  of  the  point 

A,  therefore,  is  fixed  in   position,    and  in  the 

same  Avay  the  image  B'  of  the  point  B  is  also 

fixed.     This  determines  absolutely  the  location 

of  the  image  A'  B',  irrespective  of  the  position 

of  the  e3^e  by  Avhich  this  image  is  seen. 


w 


Fig.  415.  TLe  con- 
struction of  an 
image  in  a  plane 
mirror. 


601.  Construction  of  the  Path  of  the  Ray  of  Light  by  Which 
an  Image  is  Seen.     Wlienever  the  eye  perceives  the  image  of 
an  object,  it  locates  this  image,  real  or  virtual,  at  the  point  where 
the  rays  of  light  which  enter  the  eye  meet  or  seem  to  meet.     If 
it  is  desired  to.  construct  the  path  of  the  ray  of  light  by  which 
this  image  is  seen,  ilie  image  must  first  he 
constructed,  and  the  eye  then  placed  in  po- 
sition.    If  the  eye  E,  Fig.  416,  sees  the  im- 
age of  the  point  of   the   arrow,  the  ray  of 
light  CE  enters  the  eye  as  if  it  really  came 
from  the  image  A\  so  that  we  begin  at  tlie 
eye  and  construct  the  ray  of  light  CE,  just 
as  if  it  really  came  from  the  point  A',  until 
it  meets  the  surface  of  the  mirror  at  C.     At 
C  the  light  must  undergo   reflection ;   and 
since  A'  is  the  image  of  the  poin^  .1,  the 
light    Avhich    appears    to    come  from  A' 
must  really  come  from  A,  along  the  path  AC.     Of  all  the  rays, 
therefore,  Avhich  emanate  in  all  directions  from  A,  that  particular 
ray  which  passes  in  the  direction  AC  is  reflected  at  C  to  the  eye 
at  E,  so  that  the  path  of  the  particular  ray  of  light  by  whicli  the 


Fig.  410.  Constnictiou 
of  the  path  of  the 
raj-  of  light  l)y  which 
ail   image    is   seen. 
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image  A'  is  seen  is  ACE.  If  the  eye  were  in  another  position,  a 
different  ray  of  light  would  enter  it,  and  accordingly  the  path  of 
the  ray  of  light  by  which  the  image  is  seen  would  then  be  differ- 
ent. Therefore,  while  the  image  is  definitely  located  and  fixed, 
the  path  of  the  ray  of  light  which  enters  the  eye  depends  upon 
the  position  of  the  eye. 


Fig.  41; 


The  principle  of  multiple  reflection 
aiKl  multiple  images. 


602.  Multiple  Reflections  and  Multiple  Images.  "When  rays 
of  light  are  reflected  from  a  plane  mirror,  they  depart  from  that 
mirror  in  the  direction  in  which  they  would  proceed  if  they  actu- 
ally came  from  the  vir- 
tual image  of  the  source 
of  light.  Thus,  if  L  is  a 
luminous  point,  and  MM 
a  reflecting  surface,  Fig. 
417,  we  may  follow  two 
rays  of  light  from  L,  for 
instance  L  A  and  L  B, 
which  undergo  reflec- 
tion at  A  and  B  re- 
spectively and  advance 
in  the  directions  AC  and 
^  5D,  nreeisely  as  if  they 

came  from  L'  which  is  the  image -slJCi^' i  o^H..     ^' 

If  these  rays  encounter  another  mirror  M'M',  they  undergo 
reflections  at  this  surface  also,  and  leave  M'M'  in  the  directions 
CE  and  BF.  Since  the  rays  AC  and  BD  are  incident  upon 
M'M'  as  if  they  came  from  U,  the  reflections  which  occur  at 
M'M'  take  place  as  if  these  rays  really  departed  from  this  im- 
age. The  point  U',  therefore,  at  which  the  rays  CE  and  BF 
apparently  meet  after  reflection,  is  the  image  in  M'M'  of  the 
image  U,  from  which  the  rays  AB  and  CB  apparently  come. 
But  L."  is  found  to  be  behind  the  mirror  M'M',  on  the  perpendic- 
ular from  L'  upon  M^M'  and  just  as  far  behind  M'M'  as  U  is  in 
front  of  it.  Accordingly  L^may  be  regarded  as  the  image  in 
the  second  mirror  of  the  image  L"  in  the  first.  In  this  sense  an 
image  in  one  mirror  is  said  to  cast  an  image  in  another  mirror ; 
by  which  is  meant,  not  that  the  rays  which  are  reflected  at  the 
second  mirror  actually  depart  from  the  image  in  the  first,  but 
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that  they  proceed  to  the  second  mirror,  and  therefore  undergo 
reflection  at  this  mirror,  as  if  they  came  from  the  virtual  image 
of  the  original  object. 

If  the  rays  CE  and  DF  were  to  encounter  another  mirror,  it 
is  evident  that  they  would  be  reflected  at  that  mirror  and  pro- 
ceed from  it  as  if  they  came  from  the  image  in  that  mirror  of 
the  image  L".  At  each  7'e flection,  tlierefore,  an  image  is  pro- 
duced; so  that  the  phenomenon  of  multiple  reflections,  as  well 
as  that  of  multiple  images,  is  occasioned  by  rays  of  light  which 
undergo  successive  reflections  from  one  mirror  to  another. 

The  above  analysis  of  multiple  reflection  shows  that  the  loca- 
tion of  the  various  images  takes  place  in  strict  accordance  with 
the  rule  for  the  location  of  the  image  given  in  Art.  600.  In 
practice,  therefore,  the  application  of  this  rule  is  found  to  be 
sufficient,  and  the  complication  introduced  by  the  construction 
of  the  rays  of  light  is  avoided.  When  the  various  images  are 
thus  located,  the  eye  may  be  placed  in  any  position,  and  the  path 
of  the  ray  of  light  by  w^hich  anj^  desired  image  is  seen  may  eas- 
ily be  traced.  Two  or  three  typical  instances  of  the  formation 
of  multiple  images  may  be  cited. 

603.  Multiple  Images  in  Two  Mirrors  Making  an  Angle  of 
90°.  If  two  mirrors,  with  their  reflecting  surfaces  turned  to- 
wards each  other,  Fig.  418,  make  an 
angle  of  90°  with  each  other,  an  ob- 
ject A,  placed  between  them,  will,  by 
the  former  construction,  give  an  im- 
age at  B  in  the  vertical  mirror  and 
an  image  at  C  in  the  horizontal  mir- 
ror. Each  of  these  virtual  images  is 
the  point  at  which  rays  of  li^ht  ap- 
parently meet  after  reflection  from 
the  respective  surfaces.  Thus,  if  two 
rays  of  light,  AG,  are  incident  upon 
the  horizontal  mirror  at  G,  they  will 
be  reflected  in  the  direction  GF  as  if 
they  came  from  the  image  C.  But 
at  F  these  rays  strike  the  vertical  mirror 
reflected  as  if    they    came    from    7),    so    that 


Fir,.  418.  Multiple  images  in 
two  mirrors  making  an  angle 
of   90°    with    each   other. 


and   are   here 
D  is  thus  seen 
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to  be  the  image  in  the  vertical  mirror  of  the  image  C  in  the 
horizontal.  In  a  similar  way  it  might  have  been  shown  that  J) 
is  also  the  image  of  the  horizontal  mirror  of  the  image  B  in  the 
vertical. 

Without  following  any  particular  rays  of  light,  therefore,  we 
might  have  said,  more  simply,  that  just  as  B  and  C  are  images 
of  A  in  the  vertical  and  the  horizontal  mirrors  respectively,  so, 
also,  is  D  the  image  of  C  in  the  vertical  mirror,  and  likewise  the 
image  of  B  in  the  horizontal  mirror.  In  other  words,  T>  is  be- 
hind the  vertical  mirror,  on  the  perpendicular  from  C  to  this 
mirror,  and  just  as  far  behind  this  mirror  as  C  is  in  front  of  it. 
Also,  D  is  behind  the  horizontal  mirror,  on  the  perpendicular 
from  B  to  this  mirror,  and  just  as  far  behind  this  mirror  as  B 
is  in  front  of  it.  Moreover,  no  further  reflections  are  now  pos- 
sible, inasmuch  as  D  is  behind  the  reflecting  surfaces  of  both  mir- 
rors. An  eye  placed  at  E,  so  as  to  receive  the  rays  FE,  would 
perceive  the  image  T>,  where  these  rays  apparently  meet. 

604.  Construction  of  the  Path  of  the  Ray  of  Light  by  Which 
an  Image  is  Seen.  "When  the  images  are  all  constructed,  the 
eye  may  be  placed  in  any  desired  position,  and  the  path  of  the 
ray  of  light  easily  followed  by  which  a  particular  image  is  seen. 

Thus,  if  the  eye  is  placed  at  E  and 
the  image  is  viewed  at  D,  Fig.  419, 
the  actual  path  of  the  ray  of  light  by 
which  this  image  is  seen  may  be  con- 
structed in  the  following  manner :  Be- 
ginning at  the  eye,  the  ray  E  F,  is 
drawn  as  if  it  came  from  the  image  at 
D,  and  continued  until  it  strikes  the 
mirror  at  F.  At  the  surface  of  the 
mirror  at  F  this  ray  must  undergo  re- 
flection, and  since  D  is  the  image  of  C, 
the  ray  passes  from  G^  to  i^  as  if  it 
came  from  the  point  C.  But  at  G 
the  ray  must  again  undergo  reflection ; 
and  since  C  is  the  image  of  the  point  A,  the  ray  which  is  reflected 
at  G  must  come  from  A.  Therefore,  the  actual  path  of  the  ray 
of  light  which  departs  from  the  object  at  A  and  enters  the  eye 


Fig.  419.  Construction  of  the 
ray  of  light  by  which  a  par- 
ticular  image   is  seen. 
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at  E,  thus  enabling  the  image  at  D  to  be  seen,  is  from  A  to  G 
G  to  F,  F  to  the  eye  at  E. 

605.  Multiple  Images  in  Mirrors  Making  an  Angle  of  60°. 

Let  the  mirrors  M  and  W,  Fig.  420,  be  inclined  to  each  other  at 
an  angle  of  60°,  and  let  an  object  A  be  placed  in  the  opening 
between  them.  By  applying  the  principles  for  the  location  of 
images  deduced  in  Art.  602,  we  see  that  the  object  A  gives  an 
image  at  B  in  the  mirror  M  and  also  an  image  at  C  in  the  mirror 
M'.  The  image  B  in  the 
mirror  31  also  easts  an  im- 
age D  in  the  mirror  il/', 
just  as  if  B  were  a  real  ob- 
ject. Each  of  the  images 
C  and  D,  being  before  the 
the  mirror  31,  casts  an  im- 
age in  this  mirror,  forming 
the  images  E  and  F.  The 
image  F  being  now  before 
the  mirror  31'  casts  an  im- 
age in  that  mirror  which 
coincides  with  the  image  E, 
if  the  mirrors  are  at  an 
angle  of  60°.  Since  E  is 
now  behind  both  mirrors, 
no  further  reflections  can 

take  place.  Moreover,  it  is  easy  to  show  that  these  images  are 
all  upon  the  circumference  of  a  circle  of  which  the  point  of  inter- 
section of  the  mirrors  is  the  center. 

When  the  images  have  all  been  located,  the  eye  may  be  placed 
in  the  opening  between  the  two  mirrors,  and  the  path  of  the  ray 
of  light  whereby  any  particular  image  is  seen  may  be  easily 
traced.  If,  for  instance,  the  eye  is  placed  at  G,  and  the  image 
is  observed  at  F,  we  begin  at  the  eye  and  trace  the  ray  GH,  as  if 
it  actually  came  from  F.  At  H,  however,  this  ray  undergoes 
reflection;  and  as  F  is  the  image  of  the  image  C,  the  ray  ad- 
vances from  I  to  //,  as  if  it  came  from  C.  But  at  I  the  ray  is 
again  reflected;  and  as  G  is  the  image  of  the  object  A,  the  ray 
comes  to  I  directlv  from  A.    Therefore,  the  ray  of  light  which  de- 


FiG.   420.     Multiple  images  in  two   mirrors 
making  an  angle  of  60°  with  each  other. 
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parts  from  A  and  travels  in  the  directions  from  A  to  I,  from  I  to 
H,  and  from  H  to  G,  is  the  particular  ray  by  which  the  eye  at 
G  perceives  the  image  at  F. 

The  number  of  the  images,  produced  in  two  mirrors,  making 
an  angle  of  60°  with  each  other,  is  thus  seen  to  be  six,  including 
the  original  object.  In  general,  the  number  of  images  which 
can  be  formed  in  two  mirrors  making  an  angle  with  each 
other  is  the  entire  circumference,  or  360°,  divided  by  the  angle 
which  the  mirrors  make  with  each  other.  The  number  of  images 
thus  given,  however,  includes  the  original  object. 

The  action  of  kaleidoscope  depends  upon  the  principle  of  mul- 
tiple reflection  in  two  mirrors  making  an  angle  with  each  other. 

606.  Multiple  Images  in  Parallel  Mirrors.  When  an  object 
is  placed  between  two  parallel  mirrors,  the  angle  between  these 
mirrors  is  zero,  and  the  number  of  images  is  theoretically  infinite. 
Since  an  image  is  always  upon  a  perpendicular  from  the  object 

^  to  the  mirror,  these 

0  J 

A I 


images  are  located 
upon  a  line  which 
passes  through  the 
original  object  per- 
pendicular to  the 
planes  of  the  mir- 
rors, this  line  being 
indefinite  in  extent 
in  both  directions. 
The  object  A,  Fig. 
421,  gives  an  image 
B  in  the  mirror  M 
and  an  image  C  in 
the  mirror  N.  The 
image  B  likewise 
gives  the  image  D 
in  the  lower  mirror. 
C  and  D  are  now  re- 
flected in  the  upper 
mirror,  giving  the  images  E  and  F  respectively,  and  these 
in  turn  give  the  images  G  and  H  in    the    mirror   N.      In  the 


m 

Fig.    421.     Multiple    images    in    parallel    mirrors. 
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same  way   G  and   H   give   the   images   I  and  J  in   the   mirror 
31,  and  so  on  indefinitely. 

To  construct  the  path  of  the  ray  of  light  by  which  any  image, 
as,  for  instance,  I  is  seen  by  an  eye  placed  at  the  point  P,  we 
begin  at  the  eye  and  construct  the  ray  sP  as  if  it  came  from  the 
image  /.  At  s  the  ray  undergoes  reflection,  and  since  I  is  the 
image  of  G,  the  light  comes  from  s  along  the  line  rs,  as  if  it  really 
came  from  G.  But  G  is  the  image  of  E,  hencfe  the  light  comes  to 
r  along  qr,  as  if  it  came  from  E.  E  being  the  image  of  C,  light 
comes  to  q  along  the  line  pq,  as  if  it  came  from  C;  and  since  C 
is  the  image  of  the  object  A,  the  light  which  is  reflected  at  p 
comes  to  this  point  along  the  line  Ap.  It  follows,  therefore,  that 
the  path  of  the  particular  ray  of  light  which  enters  the  eye 
at  P,  by  which  the  image  I  is  seen,  is  ApqrsP. 

607.  Spherical  Mirrors.  A  spherical  mirror  is  a  portion  of 
a  sphere,  so  silvered  as  to  produce  a  reflecting  surface.  The 
mirror  thus  obtained  is  concave  if  the  interior  of  the  spherical 
surface  is  silvered,  and  convex  if  the  exterior  portion  of  the 
sphere  is  the  reflecting  surface.  The  center  of  the  sphere  of 
which  the  mirror  forms  a  part  is  called  the  center  of  curvature 
of  the  mirror.  The  aperture  of  the  mirror  is  the  solid  angle  sub- 
tended at  the  center  of  curvature  by  the  reflecting  portion  of  the 
sphere.  The  central  portion  of  the  spherical  reflecting  surface 
is  known  as  the  vertex  of  the  mirror. 

Any  line  drawn  through  the  center  of  curvature  and  meeting 
the  mirror  is  called  an  axis  of  the  mirror.  Since  an  axis  is  al- 
ways the  radius  of  the  sphere  of  which  the  mirror  forms  a  part, 
an  axis  is  always  perpendicular  to  the  surface  of  the  mirror. 
That  particular  axis  passing  tlirougli  tlie  vertex  of  the  mirror 
is  called  the  principal  axis,  while  all  others  are  secondary  axes. 

The  focus  of  a  spherical  mirror  is  the  point  at  which  the  rays 
of  light  meet  after  reflection.  If  the  source  of  light  is  at  an  infi- 
nite distance,  so  that  the  rays  which  fall  upon  the  mirror  come 
parallel  to  the  principal  axis,  the  focus  at  which  they  meet  after 
reflection  is  known  as  the  principal  focus.  Conjugate  foci  are 
two  points  so  related  that  rays  of  light  departing  from  one  will 
he  brought  to  a  focus  at  ihe  other. 
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608.  Location  of  the  Focus  in  a  Spherical  Mirror.  The  con- 
ditions which  determine  the  location  of  a  focus  with  respect  to 
a  mirror  may  be  determined  from  the  following  consideration. 
Let  mn,  Fig  422,  be  a  portion  of  a  spherical  reflecting  surface, 
the  center  of  curvature  of  which  is  C,  and  let  L  be  a  radiant 
point.  If  we  imagine  the  light  from  L  to  be  divided  into  separate 
rays,  LB  will  be  one  of  these  rays  meeting  the  mirror.     Since 

the  radius  CB  is 
normal  to  the  re- 
flecting surface  at 
B,  the  ray  of  light 
which  strikes  the 
mirror  at  B  will  be 
reflected  to  a  point  I 
on  the  principal 
axis,  so  that  the 
angle  of  incidence 
LBC,  equals  the 
angle  o  f  reflection 
IBC.  In  the  tri- 
angle LBl,  there- 
fore, we  have  the 
line  BC  bisecting  the  angle  at  the  vertex  LBl.  From 
the  proposition  in  geometry,  which  states  that  the  line  bisecting 
the  angle  at  the  vertex  of  a  triangle  divides  the  base  into  seg- 
ments proportional  to  the  adjacent  sides,  we  have 


Fig.    422. 


Location    of    the    focus 
mirror. 


in     a    concave 


Z  C       LB 


I  C        IB 

If  we  now  have  to  deal  with  a  mirror  of  small  aperture,  that  is,  if 
we  consider  but  a  very  small  area  of  the  spherical  surface,  we 
may  take  a  portion  so  small  that  LB  practically  equals  LA,  and 
IB  practically  equals  lA.  If  we  make  these  approximations,  as 
we  are  justified  in  doing  Avhen  the  aperture  is  small,  the  abjve 
equation  becomes 


L  C 
t  C 


LA 

I  A' 
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or 


L  C      I  C 
LA  ~  /A' 

the  ratio 

•(A) 


is  constant,  and  hence 


Lj: 
LA 


I_C 
I  A 

must  also  be  constant.  Therefore,  the  point  I  must  be  constant, 
and  I  is  fixed  in  position  when  L  is  fixed.  Accordingly,  I  is  the 
focus  corresponding  to  the  radiant  L. 

609.  The  Explanation  of  Foci.  To  apply  the  undulatory 
theory  to  the  explanation  of  foci  in  spherical  mirrors,  we  must 
imagine  the  wave  front  ah,  Fig.  423,  which  departs  from  the 
source  of  light  L,  as 
it  would  have  ex- 
isted if  the  mirror 
mil  had  not  been 
present.  As  the 
wave  front  reaches 
the  mirror,  every 
particle  of  the  sur- 
face of  the  mirror 
becomes  a  center  of 
disturbfince  sending 
out  little  spherical 
waves.  With  every 
point  of  the  mirror, 
therefore,  as  a  cen- 
ter, we  describe  little  spherical  wavelets  tangent  to  the  wave 
front  ah,  and  the  envelope  of  all  these  elementary  wavelets 
will    give    the    new  wave  front  a'  h'.     This    new    Avavc    front 


Fio.    42.'!.     Rofleotion    from    a    spherical    mirror   ex- 
plained   by    the    undulatory    theory. 
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is  Oil  the  opposite  side  of  the  mirror,  and  since  the  aperture  of 
the  mirror  is  small,  it  does  not  dilfer  widely  from  the  portion  of 
a  sphere  having  its  center  at  I.  The  reflected  wave,  therefore, 
converges  to  a  point  at  I,  from  which  it  follows  that  this  point  is 
the  focus  corresponding  to  the  luminous  point  L.  The  focus, 
therefore,  is  a  point  to  Avhich  the  spherical  wave  converges,  or 
shrinks,  after  reflection.  If  the  radiant  were  placed  at  I,  IB 
would  then  be  the  incident  ray  and  BL  the  reflected  ray,  and  the 
wave  wdiich  departs  from  I  would  converge  at  L,  so  that  L  is  the 
focus  corresponding  to  the  point  I.  L  and  I  are  therefore  at  con- 
jugate foci. 

'  610.  Relation  Between  the  Conjugate  Foci  of  a  Spherical 
Mirror.  In  determining  the  relation  which  exists  between  the 
positions  of  the  conjugate  foci  with  respect  to  the  mirror,  we 
shall  assume  that  all  distances  to  the  left  of  the  mirror,  that  is,  on 
the  side  of  the  mirror  towards  the  source  of  light  are  positive, 
Fig.  422,  while  all  distances  to  the  right,  or  on  the  side  away  from 
the  source  of  light,  are  negative. 
In  equation  (A),  letting 

LA  =  p, 
JA  =  2/, 
CA=   r, 
we  have 

■  p  —  ;•  _    r  —  p' 

where  r  is  the  radius  of  the  curvature.    From  this, 

pp'—p'r  =  pr—pp', 

or 

p'r-^pr^=^2  pp' . 
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Dividing  by  pp'r, 

J_       Jl 2 

P    ^   V'    '    r' 

Tliis  expression  shows  the  relation  between  the  conjugate  foci, 
and  is  called  the  fundamental  equation  of  the  mirror.  A  number 
of  special  eases  are  important,  depending  upon  the  distance  of 
the  luminous  point  from  the  reflecting  surface. 

1.  When  the  radiant  point  is  at  infinity,  that  is,  when  the  rays 
come  parallel  to  the  principal  axis.     In  this  case 

P  =  ^, 

and  p'  is  the  distance  of  the  principal  focus  from  the  mirror.  The 
fundamental  equation  of  the  mirror  then  becomes 


1  J 2_ 


or 


J^ 2^ 

p    ~    r  ' 

whence 


ly  ^-  ^. 


Therefore,  the  principal   focus  of    a  concave  mirror  is  situated 
half-way  between  the  center  of  the  curvature  and  the  mirror. 

2.  When  the  radiant  point  is  at  the  center  of  the  curvature, 
that  is,  when 

;)  =  r. 
Then,  from  the  fundaiiiciital  e(iuation, 
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or 


1         1 


and 


1 \ 


p'  =  r. 


Therefore,  if  rays  depart  from  the  center  of  curvature,  they  re- 
turn to  this  point  after  reflection. 

3.  When  the  radiant  point  is  at  the  principal  focus,  that  is, 
when 


Then,  from  tlie  fundamental  equation. 


^        J 2 


or 


1 
P 


and 

P'  =    ao. 

Therefore,  when  the  radiant  point  is  at  the  principal  focus,  the 
reflected  rays  leave  the  mirror  only  to  meet  at  infinity,  that  is, 
they  leave  the  mirror  parallel  to  the  principal  axis. 
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4.  When  the  radiant  point  is  between  the  principal  focus  and 
the  vertex  of  the  mirror.    In  this  case 


and 


J  >  1 

p  r 


The  equation  for  the  mirror  then  remains 


or 


J.         Jl 2 

p  V'    ~    r 


1      _   2^         i_ 
P'    "  r     ~    j>    ' 

1         ''  1 

But,  since        >  — ,     it  follows  that     ,  is  negative,  and  the  focus 
/>       /•  !-> 

corresponding  to  this  position  of  p  is  on  the  other  side  of  the 
mirror,  and  is  virtual.  The  rays,  therefore  do  not  converge  after 
reflection,  but  continue  to  diverge,  as  if  they  came  from  the  vir- 
tual focus  behind  the  mirror. 

Whatever  positions  p  and  p'  occupy,  they  are  always  connected 
by  the  fundamental  equation  of  the  mirror,  and  are  always  at 
conjugate  foci.  A  construction  similar  to  the  one  here  given  for 
the  principal  axis  applies  also  to  any  secondary  axis. 

In  the  case  of  convex  mirrors,  r  is  negative,  and  therefore  p'  is 
also  negative.  The  focus  of  a  convex  mirror  is  therefore  always 
virtual. 

611.  Spherical  Aberration — The  Astigmatism  of  the  Concave 
Mirror.     AVhen  the  aperature  of  a  spherical  min-or  is  small,  we 
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Fig.  424.  Primary  and  secondary  focal  lines, 
formed  by  reflection  from  a  concave  mirror  of 
large  aperture. 


have  seen  that  rays  of  light  which  depart  from  a  source  L  on  the 
principal  axis,  Fig.  422,  are  brought  to  a  focus,  I,  likewise  on  the 
principal   axis.      The  smaller   the   aperture  of  the   mirror,   the 

more  sharply  de- 
fined is  the  focus  I. 
When,  however,  two 
rays,  such  as  LA 
and  LB,  fall 
obliquely  upon  a 
mirror  of  large 
aperture ,  Fig.  424, 
they  cross  each 
other  at  a  point  I, 
which  is  not  upon 
the  principal  axis, 
but  which  is  the 
farther  removed  from  this  line  the  greater  the  angle  of  incidence. 
After  crossing  at  l^,  these  rays  then  intersect  the  principal  axis 
at  I2,  since  this  axis  is  alvvaj's  in  the  plane  of  incidence. 

Moreover,  if  we  consider  a  portion  of  the  mirror  similar  to  AB 
but  slightly  towards  the  observer  from  the  plane  of  the  paper, 
that  is,  if  we  think  of  the  figure  as  rotated  through  a  small  angle 
about  LC  as  an  axis,  AB  will  describe  an  element  of  the  mirror 
surface,  the  point  l^  will  trace  a  short  line,  which  is  really  the 
arc  of  a  circle,  while  L  will  remain  in  the  same  position.  Ac- 
cordingly the  light  from  a  point  at  L,  as  it  falls  obliquely  upon 
a  portion  of  the  mirror  at  AB,  is  brought  to  a  focus  not  at  a 
point,  hut  along  two  lines,  one  l-^,  which  is  laiown  as  the  primary 
focal  line,  and  the  other,  L,  which  is  known  as  the  secondary 
focal  line.  At  some  point  between  l^  and  In,  the  cone  of  light  re- 
flected from  the  mirror  surface  must  pass  through  an  area,  ap- 
proximately of  equal  width  in  each  direction,  laiown  as  the  circle 
of  least  confusion.  This  is  the  nearest  approach  to  a  single  focus 
which  the  concave  mirror  is  capable  of  producing. 

This  failure  of  a  spherical  mirror  of  large  aperture  to  bring  to 
a  sharp  focus  light  which  falls  upon  it  is  called  the  spherical  ab- 
erration of  the  concave  mirror.  The  meeting  of  the  reflected 
rays  along  two  lines  at  right  angles  to  each  other,  even  when  the 
source  of  light  is  merely  a  point,  necessarily  gives  rise  to  an  in- 
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distinctness,  or  blurring,  of  the  image,  and  produces  the  phenom- 
enon ImoAvn  as  astigmatism. 

If  we  consider  the  wave  front  of  the  reflected  light  when  as- 
tigmatism occurs— this  wave  front  being  then  called  an  astigmat- 
ic ivave  front— we  shall  find  that  this  is  not  spherical,  but  is 
more  sharply  curved  in  one  direction  than  in  a  direction  at  right 
angles  to  this.    Thus,  if  the  shaded  portion  of  Fig.  425  represents 
an  astigmatic  wave  front  advancing  towards  us  and  to  the  right, 
its  curvature  about  the  horizon- 
tal   axis    is    greater    than    that 
about  the  vertical.  This  becomes 
immediately    obvious    from   the 
fact  that  the  rays  from  the  top 
and  bottom   of   the   wave  front 
are  brought   to  a  focus   at   the 
primary  focal  line,  ?i,  before  the 
rays   from   the    sides   unite   to 
form  a  focus   at  the    secondary 
focal  line,  L.     The   entire    por- 
tion of  the  figure  between  I,  and 
Zo  may  be  regarded  as  the  focus, 
the  circle  of  least  confusion  be- 
ing indicated  in  this  diagram  by 
the    particular    area    having    a 
equilateral  cross-section. 

612.  Caustics  by  Reflection.     By  noting  the  various  points 


^^^ 

^/^:^ 
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Fig.  425.  An  astigmatic  wave  front, 
converging  towards  the  primary 
and  secondary  focal  lines. 


FuJ.   42G.     The   formation   of  the 
caustic. 


Via.   427.     The  caustic  by 
reflection. 


at  which  consecutive  rays  cross  each  other,  as  they  arc  reflected 
from  the  entire  surface  of  the   mirror,    Figs.  426   and   427,  we 
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shall  find  that  these  points  all  lie  upon  a  curve  which  is  known 
as  the  caustic  hy  reflection.  This  curve  has  a  cwsp  at  F,  where  F 
is  the  focus  corresponding  to  the  sour'ce  L  when  the  aperture  of 
the  mirror  is  very  small.  If  the. figure  is  rotated  about  the  prin- 
cipal axis,  this  caustic  will  generate  a  surface  of  complex  form, 
all  of  which  is  the  focus  conjugate  with  the  point-source  L. 

613.  Elliptical  and  Parabolic  Mirrors.  On  account  of  the 
spherical  aberration  and  the  astigmatism  of  spherical  mirrors, 
these  mirrors  cannot  be  employed  to  give  sharp  images.  There 
are,  however,  two  forms  of  reflecting  surfaces  which  can  be  used 
for  bringing  vays  of  light  absolutely  to  a  single  focus,  namely, 
mirrors  having  an  elliptical  form,  and  those  having  a  parabolic 
form.  From  a  property  of  the  ellipse,  rays  of  light  emanating 
from  one  focus.  Fig.  428,  are  reflected  absolutely  to  a  point  at  the 
other  focus.  Moreover,  from  a  property  of  the  parabola,  rays  of 
light  parallel  to  the  principal  axis  are  brought  absolutely  to  a 
point  at  the  focus,  Fig.   429.     Conversely,    rays  of  light  w^hich 


Fig.    428.      The    principle    of    the  Fig.   429.      The  parabolic   mirror, 

elliptical   mirror. 

emanate  from  a  source  placed  at  the  focus  of  a  parabolic  mirror 
depart  from  the  mirror  in  a  beam  which  is  parallel  to  its  princi- 
pal axis. 

614.  The  Construction  of  Images  in  Spherical  Mirrors.    We 

have  seen  that  the  image  of  a  luminous  source  is  the  point  where 
the  rays  of  light  departing  from  that  source  meet  after  reflection, 
from  which  it  follows,  in  the  foregoing  analysis,  that  the  point  I, 
Fig,  422,  is  the  focus  and  at  the  same  time  the  image  of  the  radi- 
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ant  point  L.  Moreover,  the  image  of  an  object  is  the  assemblage 
of  the  images  of  its  several  points,  and  hence,  if  an  extended  ob- 
ject were  placed  at  L,  the  image  of  this  object  would  be  found  at 
I.  But  the  path  of  a  ray  of  light  is  always  reversible,  that  is,  it 
can  be  made  always  to  retrace  its  path,  so  that  if  I  were  the  lumi- 
nous source,  sending  out  rays  of  light,  these  rays  of  light  would 
be  brought  to  a  focus  at  L.  L  and  I  are  therefore  at  conjugate 
foci;  and,  in  general,  an  ohject  and  its  iynage  are  always  at  con- 
jugate foci.  The  relative  movements  of  these  conjugate  foci,  and 
the  size  as  well  as  the  location  of  the  images  cast  by  a  spherical 
mirror,  may  best  be  studied  by  actually  constructing  images  in 
this  mirror  when  the  object  occupies  successively  a  number  of 
positions. 

In  this  construction,  it  must  be  borne  in  mind  that  the  center 
of  curvature  is  the  center  of  the  sphere  of  which  the  mirror  forms 
a  part,  and  that  any  line  passing  through  the  center  of  curvature 
intersects  the  surface  of  the  mirror  normally.  Any  ray  of  light, 
therefore,  passing  through  the  center  of  curvature  strikes  the 
mirror  at  perpendicular  incidence  and  is  reflected  back  upon 
itself.  It  must  also  be  borne  in  mind  that  the  principal  focus 
is  that  point  upon  the  principal  axis  where  incident  rays  which 
are  parallel  to  the  principal  axis  meet  after  reflection.  AVith 
these  two  facts  in  mind,  together  Avith  the  fixed  location  of  these 
points  with  reference  to  the  mirror,  the  construction  of  images 
becomes  at  once  simple  and  definite.  A  number  of  special  cases 
must  be  considered  depending  upon  the  location  of  the  object 
with  relation  to  the  mirror. 

1.  When  the  object  is  outside  the  center  of  curvature,  that  is, 
farther  from  the  mirror  than  the  center  of  curvature.  Let  the 
object  XY  Fig.  430,  be  placed  before  the  concave  mirror  mn,  C 
being  the  center  of  curvature,  and  F  the  principal  focus.  Of  the 
infinite  number  of  rays  which  depart  from  the  point  A',  one  ray, 
and  only  one  ray,  namely  XD,  passes  parallel  to  the  principal 
axis,  and  this  is  reflected  through  the  principal  focus.  Therefore, 
somewhere  on  the  line  DF  is  found  the  image  of  the  point  X.  So 
also,  of  all  the  rays  which  emanate  from  X,  one  ray,  and  only  one 
ray,  namely  XC,  passes  through  the  center  of  curvature,  and 
this,  after  striking  the  mirror  perpendicularly  at  G,  is  reflected 
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Fig.  4.'>0.  ConstrnctioD  of  an  image  in  a 
concave  mirror  wlien  the  object  is 
beyond  the  center  of  ciu'vature. 


l)ack  upon  itself.  Therefore,  somewhere  on  the  line  GX  is  found 
the  image  of  the  point  A'.  Inasmuch,  then,  as  this  image  is  found 
both  on  the  line  BF  and  also  on  the  line  GX,  it  must  be  located 

at  their  point  of  intersection 
■X.  Therefore,  the  rays  of 
light  which  depart  from  X 
meet  at  x,  and  x,  according- 
ly, is  the  image  of  the  point 
X. 

The  same  construction  fol- 
lows for  the  other  end  of  the 
object.  One  ray,  and  only 
one  ray,  from  the  point  Y 
falls  parallel  to  the  princi- 
pal axis,  namely,  the  ray 
YE,  and  this  is  reflected  through  the  principal  focus.  There- 
fore, the  image  of  the  point  Y  is  found  somewhere  on  the  line 
EF.  Moreover,  one  ray,  and  only  one  ray,  from  the  point  Y 
passes  through  the  center  of  curvature,  namely,  the  ray  YC, 
and  this  is  reflected  at  B  directly  back  upon  itself,  since 
it  strikes  the  mirror  perpendicularly.  Therefore,  the  image 
of  the  point  Y  is  found  somewhere  on  the  line  BC.  Accordingly, 
since  the  image  of  Y  is  found  on  the  line  EF  and  also  on  the  line 
BC,  it  must  be  found  at  their  point  of  intersection  y. 
Therefore,  xy  is  the  image  of  the  object  XY,  and  is 
located  between  the  center  of  curvature  and  the  principal  focus. 
Moreover,  the  image  is  real,  since  the  rays  really  meet  after  re- 
flection, it  is  inverted,  and  is  smaller  than  the  object. 

To  determine  the  relative  sizes  of  the  object  and  image,  which, 
as  we  have  seen  above,  are  located  at  the  conjugate  foci  L  and  I 
respectively,  we  may  proceed  as  follows :    From  similar  triangles. 


A  I' 

xy 


L  C 

I  C 


But  we  have  seen  that 


LC 

I  C 


L  A 
J  A 
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and  thorcforo 


X  y 


LA 

i  A 


Accordingly,  the  size  of  the  object  is  to  the  size  of  the  image  as 
the  distance  of  the  object  from  the  mirror  is  to  the  distance  of 
the  image  from  the  mirror.  This  law  always  holds  for  the  rela- 
tive sizes  of  object  and  image  in  a  spherical  mirror. 

2.  When  the  object  is  at  the  center  of  curvature.  In  this  in- 
stance it  is  necessary  to  adopt  a  slightly  different  procedure,  as 
follows :  Of  the  entire  number  of  rays  which  emanate  from  the 
point  A'  of  the  object,  Fig.  431,  the  particular  ray  which  passes 
parallel  to  the  principal  axis,  namely,  XD,  is  reflected  through 
the  principal  focus,  so  that  the  image  of  A'  is  found  somewhere 
on  the  line  DF.  Also  the  particular 
ray  XF,  which  passes  through  the 
principal  focus,  is  reflected  at  E 
parallel  to  the  principal  axis.  Tho 
point  X  at  which  these  two  rays 
meet  after  reflection,  is  the  imago 
of  A'.  Similarly,  the  point  y  is  lo- 
cated as  the  image  of  Y.  Accord- 
ingly, when  an  oljject  beyond  the 
center  of  curvature  moves  towards 
the  mirror,  the  image  advances  to 
meet  it;  and  when  the  object  is  at 

the  center  of  curvature,  the  image  is  likewise  at  that  point, 
is  real,  is  inverted,  and,  since  image  and  object  are  then  equally 
distant  from  the  mirror,  is  of  the  same  size  as  the  object. 

3.  When  the  object  is  between  the  center  of  curvature  and  the 
principal  focus,  the  image  is  outside  the  center  of  curvature.  In 
this  case,  the  construction  of  the  image  is  given  in  Fig.  432,  in 
which  rays  corresponding  to  those  in  Fig.  430,  have  received  the 
same  lettering  as  in  that  figure,  and  accordingly,  the  same  word- 
ing in  the  demonstration  will  apply  equally  well  to  this  case. 
Therefore,  when  the  object  is  between  the  center  of  curvature  and 


tol.  Wlien  the  object  is  at 
tlio  center  of  curvature,  the 
image  is  also  at  the  centt^r 
of  curvature. 
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the  principal  focus,  the  image  is  outside  the  center  of  curvature, 
is  real,  is  inverted,  and  is  larger  than  the  object. 


Fin.    432.      Whon    the    nhjcct    is    hetwi^en  Fig     43o.      When    the    object    is    at    the 

the     center     of     curvatiuv     and     tie  priucipal     focus,      the     image     is     at 

principal  focus,   the  image  is   outside  infinity, 
the   center   of   curvature. 

4.  When  the  object  is  at  the  principal  focus  the  image  is  at  in- 
finity, and  the  rays,  which  in  other  instances  meet  to  form  the  im- 
age, depart  from  the  mirror  parallel  to  each  other,  as  shown  in 
Fig.  433. 


5.  When  the  object  is  between  the  principal  focus  and  the  mir- 
ror, the  same  construction  and  the  same  wording  hold  as  in  the 
other  instances.  That  is,  Fig.  434,  the  ray  XD,  parallel  to  the 
principal  axis,  is  reflected  through  the  principal  fccus,  and  there- 
fore somewhere  on  the  line  FD,  or  FD  produced,  is  found  the  im- 
age of  the  point  X.  Moreover  the  ray  XG  strikes  the  mirror  nor- 
mally, and  so  is  reflected 
through  the  center  of  curv- 
ature. Therefore,  some- 
where on  the  line  CG,  or 
CG  produced,  we  shall  find 
the  image  of  the  point  X. 
But  the  lines  CG  and  DF 
diverge  after  reflection, 
and  therefore  they  seem  to 
meet  at  the  point  x,  which 
is  the  virtual  image  of  the 
point  X.  A  similar  con- 
struction follows  that  for  the  point  Y,  locating  the  virtual  imago 
at  y.  Accordingly,  xij  is  the  image  of  the  object  XY :  it  is  behind 
the  mirror,  is  virtual,  erect,  and  magnified. 


Fio.   434 


Wlien  the  image  is  between  the 
in-incipal  focu!?  and  tlie  mirror,  t'no 
image  is  behind  the  mirror,  is  virtual, 
erect,    and    magnified. 
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6.  AVheii  the  object  now  approaches  the  mirror,  the  image  also 
approaches  the  mirror,  and  when  the  object  is  at  the  mirror  sur- 
face, the  image  is  also  at  the  mirror  surface,  and  coincides  with 
the  object.  The  image  is  then  erect,  virtual,  and  of  the  same  size 
as  the  object. 


7.  When  the  object  passes  to  the  other  side  of  the  mirror,  it  is 
then  outside  the  sphere  of  which  the  mirror  forms  a  part,  and  we 
have  reflection  from  a  convex  surface.  In  this  case,  precisely  the 
same  construction  is  to  be  followed  as  in  the  previous  cases.  If 
XY,  Fig  43-5,  is  the  object,  the  ray  XB,  passing  from  the  point 
X  parallel  to  the  principal  axis,  is  reflected  as  if  it  came  from 
the  principal  focus.  Therefore,  somewhere  on  the  line  FD  we 
shall  find  the  image  of  the  point  X.  So,  also,  the  ray  XG  which 
strikes  the  mirror  normally,  that  is,  as  if  it  were  to  pass  through 
the  center  of  curvature,  is  reflected  back  upon  itself,  and  some- 
where on  the  line  GX,  or  on  this  line  produced,  Ave  shall  find  the 
image  of  the  point  X.  Since  this  image  is  found  on  the  line  J)F, 
and  also  on  the  line  CG,  it 
must  l)e  found  at  their 
point  of  intersection  x,  and 
x  is  the  virtual  image  of 
the  point  X.  In  a  similar 
manner,  y  is  found  to  bo 
the  virtual  image  of  the 
point  Y.  When  an  object 
is  before  a  convex  mirror, 
the  image  is  thus  seen  to  be 
on  the  other  side  of  the 
mirror,  erect,  virtual,  and  smaller  than  the  object. 

In  all  of  these  constructions  it  is  to  be  observed  that  wlienever 
the  image  is  real,  it  is  always  inverted,  and  wiienever  it  is  virtual, 
it  is  always  erect.  This  is  found  to  be  true  of  all  images  produced 
by  whatevev  means,  and  therefore  a  real  image  is  always  inverted, 
and  a  virtual  image  is  always  erect. 

That  the  rays  of  light  really  do  meet  before  a  concave  mirror, 
giving  a  real,  inverted  image  of  the  o])ject,  may  be  beautifully 
shown  by  placing  an  inverted  bouquet  of  flowers  at  the  center  of 
curvature  of  a  concave  mirror,  and  tipping  the  mirror  so  that 


I'he   imasrc    in    n   convex    mirror 
is  always  virtual. 
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the  real,  inverted  image  of  the  bouquet  also  appears  at  this  same 
point.  The  bouquet  appears,  therefore,  erect,  and  perfectly  nat- 
ural, producing  the  optical  illusion  known  as  the  ''phantom  bou- 
quet." 

615.  The  Japanese  Mirror.  The  Japanese  mirror  produces 
a  most  interesting  phenomenon  in  the  reflection  of  light.  This 
mirror  is  a  polished  plate  of  metal,  with  a  figure,  or  design,  cast 
in  relief  upon  the  back,  thus  causing  the  mirror  to  be  thicker  in 
some  places  than  in  others.  "When  the  mirror  is  polished,  the 
thin  places  bend  and  yield  slightly  under  the  polishing,  so  that 
the  surface,  when  finished,  is  not  a  true  plane,  but  is  made  up  of 
convexities  and  concavities,  which,  indeed,  are  so  slight  as  not  to 
be  noticeable  when  the  mirror  is  held  in  the  hand.  When,  how- 
ever, a  beam  of  sunlight  is  reflected  from  this  mirror,  the  rays  of 
light  receive  a  slight  inclination  in  one  direction  from  some  parts 
of  this  uneven  surface,  and  in  the  opposite  direction  from  others, 
a  convergence  of  the  rays  l^eing  produced  by  the  thicker  portions 
of  the  mirror  and  a  divergence  occurring  from  those  portions 
where  the  metal  yielded  under  the  polishing,  that  is,  where  the 
mirror  is  thinner.  These  converging  and  diverging  rays  of  light 
give  rise  to  areas  of  unequal  illumination  upon  the  screen;  and 
as  this  inclination  of  the  rays  is  ultiinately  occasioned  by  the  vary- 
ing thickness  of  the  metal,  it  follows  that,  in  the  beam  of  light  re- 
flected upon  the  screen,  the  pattern  which  exists  in  relief  upon 
the  back  of  the  mirror  becomes  at  once  visible.  If  the  mirror  is 
heated,  it  expands  unequally  because  of  the  differences  in  its 
thickness,  and  the  figure  becomes  more  distinct.  The  figure,  or 
pattern,  may  also  be  made  to  appear  more  clearly  if  the  mirror 
is  made  the  front  surface  of  a  reservoir  into  which  air  can 
be  pumped.  The  pressure  of  the  air  upon  the  mirror  causes  a 
bending  of  the  thinner  portions,  and  the  figure  appears  more 
sharply  defined. 

It  is  possible,  however,  that  the  phenomenon  of  the  Japanese 
mirror  is  more  complicated  than  the  one  here  set  forth.  From 
the  fact  that  the  merest  scratch  upon  the  back  becomes  at  once 
visible  in  the  light  reflected  from  the  surface,  it  would  appear 
that  the  cast  surface  of  the  metal  is  under  a  tense  strain,  and  that 
this  strain  is  relieved  when  the  surface  is  in  any  way  broken.  The 
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yielding  of  the  mirror  when  this  strain  is  thus  changed  produces 
coiTcspcniding  convexities  and  concavities  in  the  reflecting  sur- 
face, and  a  scratch  upon  the  l)ack  or  upon  the  figure  which  is 
there  in  relief,  becomes  apparent  in  the  reflected  light. 

The  reflection  occurring  in  cylindrical  and  conical  mirrors  are 
very  complicated,  and  the  distortions  of  the  images  which  are 
thus  produced  are  often  igrotesque. 


CHAPTER  LI  v. 


THE   REFRACTION  OF  LIGHT. 


616.  Nature  of  Refraction.  We  have  seen  that  whenever 
light  meets  a  transparent  medium  in  any  way  different  from  the 
one  in  which  it  has  been 
travelling,  it  is  in  general 
divided  into  two  parts.  One 
portion  of  the  original  ray 
is  turned  back  into  the 
medium  in  w^hich  it  has  ad- 
vanced, forming  the  reflect- 
ed ray,  Avhile  the  other  part 
is  propagated  in  the  second 
medium,  and  is  known  as 
the  refracted  ray.  Thus,  if 
mn,  Fig.  436,  represents  the 
boundary  between  air  and 
water,  a  ray  of  light  AB  in 
the  air  will,  in  general,  be 
divided  into  two  i)arts  as  it  strikes  the  water,  that  is,  into  the 
reflected  ray  B(\  which  continues  in  the  air.  and  into  the  re- 
fracted ray  BD,  whicli  is  pi-opagated  in  the  water.  It  is  with 
the  latter,  or  the  refracted  ray,  that  we  now  have  to  deal. 

In  this  connection  it  is  to  Ijc  noted  that  the  refracted  ray  BD 
does  not  continue  in  the  same  direction  as  the  incident  ray,  but 
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that  it  undergoes  a  bending  at  the  point  B  where  it  enters  the  sec- 
ond medium.  The  fact  of  this  bending  is  the  origin  of  the  term 
refraction,  which  is  the  name  given  to  this  phenomenon.  Refrac- 
iion  is  tlie  bending  wliicli  a  ray  of  light  undergoes  when  it  ijasses 
ohltrjuclg  from  one  medium  to  another.  Moreover,  when  the  light 
passes  from  an  optically  rarer  to  an  optically  denser  medium,  as 
in  the  present  instance  w^hen  it  passes  from  the  air  into  water, 
the  refraction,  or  bending,  takes  place  towards  the  normal  NN\ 
The  angle  which  the  refracted  ray  makes  with  the  normal,  that 
is  the  angle  DBN' ,  is  called  the  angle  of  refraction. 

617.  Light  Travels  More  Slowly  in  a  Denser  Medium.  Be- 
fore investigating  the  relation  which  the  angle  of  refraction  bears 
to  the  angle  of  incidence,  it  is  all-important  to  ascertain  the 
velocity  with  which  light  is  propagated  in  a  denser  medium,  such 
as  water,  as  compared  with  its  velocity  in  the  air.  This  deter- 
mination was  made  experimentally  by  Foucault  as  an  adjunct  to 
his  celebrated  experiment  of  the  measurement  of  the  velocity  of 
light  in  air  (p.  740).  Between  the  rotating  mirror  M,  Fig.  437, 
and  the  fixed  mirror  N  of  his  apparatus,  he  placed  a  long  tube 

filled  with  water,  so 
that  the  light,  after 
leaving  the  rotating 
mirror  M,  passed 
twice  through  the 
the  column  of  water 
before  returning  to 
this  mirror.  By  ac- 
tual measurement, 
Foucault  then  found 
that  light  travels 
more  slowly  in  wa- 
ter than  in  air,  and 
that  its  velocity  in 
the  former  medium 
is  only  about  %  as  great  as  in  the  latter.  Even  if  the  phenome- 
non of  interference,  as  discovered  by  Thomas  Young,  had  not 
firmly  established  the  wave  theory  of  light,  the  experimental 
determination  by  Foucault  that  light  moves  more  slowlv  in  wa- 
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ter  than  in  air  Avould  foi-ever  have  done  away  with  the  corpuscu- 
lar theory,  since  the  arguments  in  support  of  the  latter  hypothe- 
sis demanded  that  light  should  move  faster  in  the  denser  medium. 

618.  The  Corpuscular  Theory  Fails  to  Explain  the  Retarda- 
tion in  the  Denser  Medium.  It  wp.h  formerly  held  that,  as  a 
corpuscle,  moving  from  A  to  B  with  the  velocity  of  light,  ap- 
proached the  surface  of  the  water  mn,  Fig.  438,  the  water  would 
attract  it,  and  that  this  attraction  would  act  downward,  that  is, 
normal  to  the  surface.  This  vertical  force  of  attraction  BF 
could  then  be  resolved  into  two  components,  one,  BE,  in  the  di- 
rection of  motion,  and  the  other,  BN,  at  right  angles  to  this  di- 
rection. The  component  BX  would  deviate  the  corpuscle  from 
its  original  path  and  make  it  bend  towards  the  normal  in  the  di- 
rection BD,  while  the  component  BE,  acting  in  the  direction  of 
motion,  would  accelerate  it,  and  thus  make  it  move  faster  in  the 
water  than  in  the  air.  The  first  of  these  results,  that  is,  the  bend- 
ing of  the  ray  of  light  towards  the  normal  in  the  denser  medium, 
actually  does  take  place, 
while  the  second,  namely, 
the  supposition  that  light 
must  move  faster  in  the 
denser  medium,  is  not  con- 
firmed by  Foucault's  ex- 
periment. Accordingly, 
Foucault's  discovery  that 
light  moves  not  faster,  but 
sloAver.  in  the  denser  me- 
dium i)roves  that  the  at- 
traction  theory    cannot  be 

true,  and  therefoi'e  that  the  corpuscular  theory  cannot  account 
for  the  phenomenon  of  refraction. 

619.  Refraction  Explained  Upon  the  Wave  Theory — The  In- 
dex of  Refraction.  We  have,  accordingly,  to  t'xplai)A  the  phe- 
nomenon of  refraction  upon  the  wave  theory,  and  this  can  be 
done  with  the  aid  of  Huygens's  construction,  as  follows: 

Let  the  upper  part  of  Fig.  439  represent  air  and  the  lower 
part  water,  mn  being  the  boundary  between  these  two  media.  Let 
us  assume  that  CC'C"  represents  a  l)eam  of  paialh']  light,  and 
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over,  let  AB  be  the  position  which  the  wave  front  would  have  oc- 
cupied had  the  wave  continued  in  air.  But  at  AG  the  beam 
meets  the  surface  of  the  water,  and  in  this  denser  medium  the 
liglit  can  travel  only  %  as  fast  as  in  the  air.  Accordingly,  the 
disturbance  which  starts  out  from  G,  and  which  would  have  been 

found  upon  the  sur- 
face of  a  sphere  of 
which  GB  is  the  ra- 
dius, is  now  found 
upon  the  surface  of 
a  sphere  of  which 
GF  is  the  radius, 
W'here  GF  is  only  ^4^ 
GB.  In  like  manner, 
each  point  in  the  re- 
fracting surface  GA 
must  be  considered 
as  the  center  of  two 
systems  of  spherical 
w^aves,  one  of  these 
systems  being  everywhere  tangent  to  AB,  and  the  other  being 
drawn  with  radii  only  %  as  great.  The  envelope  of  this  second 
system  of  spheres  is  the  new  wave  front  AF. 

The  incident  ray  of  light  CI  is  therefore  not  propagated  in  the 
direction  ID,  perpendicular  to  the  wave  front  AB,  as  would  have 
been  the  case  if  the  water  had  not  been  present,  but  it  advances 
in  the  direction  IR,  perpendicular  to  the  wave  front  AF,  as  this 
exists  in  the  denser  medium.  GIN,  therefore,  is  the  angle  of  in- 
cidence, and  RIN'  is  the  angle  of  refraction,  where  NN'  is  normal 
to  the  water  surface  at  I. 

Since  the  light  would  have  travelled  the  distance  GB  in  the  air 
in  the  time  it  has  actually  travelled  the  distance  GF  in  water, 
the  lengths  of  these  lines  are  proportional  to  the  velocities  of 
light  in  the  air  and  in  water  respectively.    Accordingly, 


Fig.  4.39. 


Refraction    of    light    explained    upon    tho 
wave  theory. 


G  IJ  velocit}'  of  light  in  air 

fjr  F'       velocity  of  light  in  water 


This  ratio,  however,  is  a  constant  quantity,  usually  denoted  by 
n,  and  is  known  as  the  index  of  refraction.    Therefore,  tlie  index 
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of  refraciion  of  any  medium  ivitk  reference  to  air  is  defined  as 
tlic  ratio  of  ilie  velocity  of  liglit  in  air  to  the  velocity  of  liglit  in 
that  vied i urn.  The  index  of  refraction  of  any  medium  with  ref- 
erence to  the  pure  ether  may  be  obtained  by  multiplying  its  in- 
dex with  reference  to  air  by  1.000292,  -which  is  the  ratio  of  the 
velocity  of  light  in  vacuo  to  that  in  air. 

From  the  relation  Avhicli  the  angles  of  incidence  and  refraction 
bear  to  each  other,  the  numerical  value  of  the  index  of  refraction 
may  be  ol^tained  as  follows :  In  the  triangle  GBA,  the  angle  GAB 
is  equal  to  the  angle  of  incidence  i,  since  its  sides  are  perpendi- 
cular respectively  to  the  sides  of  the  angle  of  incidence  CIN ; 
and  in  the  triangle  GFA,  the  angle  GAF  is  equal  to  the  angle  of 
refraction  r,  since  its  sides  are  perpendicular  respectively  to  the 
sides  of  the  angle  of  refraction  RIX'.    Therefore. 

GB  .     . 

and 

GF 


G  A 

Dividing  the  first  equation  by  tTie  second. 

G  B  sin  % 

(i  F         sin  r 

But,  as  we  have  seen  al)ove, 

G li  veloeitv  of  lio-lit  in  air 


index  ot"  refraction. 


(r  F       velocity  of  light  in  water 
Accordingly, 

the  index  of  refraction,  or  n  =   ^|"  '  . 

sin  I- 

In  general,  when  liglit  passes  from  a  rarer  to  a  denser  medium, 
and  when  the  angle  of  incidence  is  made  to  vary,  the  angle  of 
refraction  will  likewise  vary,  but  always  in  such  a  Avay  that 


778  THE  REFRACTION   OF  LIGHT. 

sin   / 

sin  r  * 

where  n  is  a  constant  quantity  for  these  two  media.  This  ex- 
pression is  known  as  Snell's,  or,  sometimes,  Descartes 's,  laAv  of 
refraction. 
'^!  "What  has  been  saici  regarding  the  refraction  which  occurs 
•  when  light  passes  from  air  into  water  is  true  whenever  light  en- 
ters a  medium  optically  denser  than  the  one  in  which  it  has  been 
travelling.  The  velocity  of  light  is  less  in  the  denser  medium 
than  in  the  air,  consequently  the  index  of  refraction  is  greater 
than  unity,  and  the  refracted  ray  is  bent  towards  the  normal. 
Since,  however,  the  passage  of  a  ray  of  light  is  reversible,  that 
is,  since  light  may  be  made  to  retrace  its  path  in  the  opposite 
direction,  it  is  evident  that  if  the  ray  of  light  is  sent  from  the 
denser  to  the  rarer  medium  in  the  direction  RI,  the  light  is  re- 
fracted at  the  boundary  between  the  two  media,  passing  out  into 
the  rarer  medium  in  the  direction  IC.  Therefore,  wlien  light 
passes  from  a  dense)'  to  a  rarer  medium,  tlie  refracted  ray  is  hent 
away  from  the  normal.  In  this  instance  the  angle  BIN'  be- 
comes the  angle  of  incidence  i,  and  the  angle  CIN  the  angle  of 
refraction  r.  Accordingly,  for  refraction  from  a  denser  to  a 
rarer  medium 

sin  /         1 

sm  r         11, 

where  n  is  the  index  of  refraction  from  the  rarer  to  the  denser 
medium.  For  refraction  from  the  denser  to  the  rarer  medium, 
the  index  of  refraction  is  less  than  unity,  and  the  refracted  ray 
is  bent  away  from  the  normal. 

620.  Illustrations  of  Refraction.  Illustrations  of  refraction 
abound.  If  a  coin  is  i)laeed  in  the  bottom  of  a  vessel,  Fig.  440, 
and  the  eye  is  brought  to  such  a  position  that  it  is  invisible,  it  is 
apparently  lifted  up  and  may  readily  be  seen  when  the  vessel  is 
filled  with  water.  Rays  of  light  departing  from  the  coin  under- 
go refraction  at  the  surface  of  the  water,  and  are  bent  away  from 
the  normal.    Two  rays  AB  and  AC,  therefore,  will  be  so  bent  at 
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the  surfaee  that  they  can  enter  the  eye  at  E.  The  elevated  image 
B,  at  which  these  refracted  rays  of  light  seem  to  meet,  is  the 
point  to  which  the  eye  refers  the  location  of  the  coin. 

In  the  same  way  a  stick  ap- 
pears bent  Avhen  thrust 
obliquely  into  water.  Rays 
of  light  emanating  from  the 
end  of  the  stick,  Fig.  441,  un- 
dergo refraction  at  the  sur- 
face and  are  bent  away  from 
the  normal.  Two  of  these 
rays,  departing  from  A  in  the 


Fig.  440.  A  coin  in  a  vessel  of  water 
becomes  visible  througli  the.  refrac- 
tion   of   lielTt. 


thnst     into     \\;utr     :ipp 
clue   to    the   refraction    of   light. 


direction  AB  and 
AC,  are  refracted  so 
as  to  enter  the  eye 
at  E.  The  eye,  how- 
ever, always  refers 
the  image  of  an  ob- 
ject to  the  point  of 
meeting  of  the  raj^s 
of  light  which  enter 
the  eye;  and  there- 
fore, since  these 
rays  converge  at  the 
point  B,  the  end  of  the  stick  seems  elevated  above  its  true  posi- 
tion and  appears  atZ).  In  the  same  way,  each  point  of  the  stick 
beneath  the  surface  of  the  Avater  is  apparently  lifted  up,  and 
hence  the  stick  seems  to  be  broken  at  the  point  G  where  it  enters 
the  Avater. 

In  virtue  of  our  binocular  vision,  a  vessel  filled  Avith  Avater 
a]ipears  to  l^e  of  less  depth  than  it  really  is,  CA^en  Aviien  aax  arc 
looking  vertically  into  the  AA'ater.  If  E  and  E',  Fig.  442,  repre- 
sent tlie  cAcs  of  the  observer,  rays  of  light  from  a  point  ^1  at 
the  bottom  of  the  vessel  pass  in  the  direction  AB  and  AC,  and 
also  in  the  direction  AB'  and  AC.  At  the  surface  they  undergo 
refraction,  being  bent  aAvay  from  the  normal,  and  thus  enter  the 
eyes  at  E  and  E\  The  point  D,  at  Avhich  these  rays  of  light  seem 
to  meet,  is  the  apparent  position  of  the  bottom  of  the  vessel.  Due 
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to  the  phenomenon  of  refraction,  therefore,  a  vessel  filled  with 
water  appears  shallower  than  it  really  is. 

On  account  of  the  refraction  of  the  earth's  atmosphere,  the 
stars,  with  the  exception  of  those  directly  overhead,  appear  dis- 
placed from  their  true  positions.     The  light  from  a  star  is  re- 


FiG.  442.  The  refraction  of 
light  causes  water  to  ap- 
pear shallower  than  It 
really  is. 


Fig.  443.  The  displacement  of  a 
star  due  to  the  refraction  of 
light  in  the  atmosphere. 


f racted  as  it  enters  the  atmosphere,  and  this  refraction  increases 
as  the  ray  penetrates  the  denser  layers  of  the  air  which  lie  nearer 
the  surface  of  the  earth.  The  eye  which  receives  this  ray  refers 
the  star  not  to  its  true  position  S,  Fig.  443,  but  to  the  apparent 
position  8',  in  the  direction  of  the  ray  of  light  which  enters  the 
eye. 

When  the  setting  sun  has  nearly  touched  the  horizon,  it  is  in 
reality  entirely  below  the  horizon,  and  has  its  apparent  posi- 
tion still  above  this  line,  due  to  the  refraction  of  the  air.  The  ob- 
late, or  flattened,  appearance  which  the  sun  presents  at  this  time 
is  due  to  the  fact  that  the  light  from  the  lower  edge  passes 
through  a  denser  layer  of  the  earth's  atmosphere  than  that  from 
the  upper  edge,  and  therefore  undergoes  a  greater  refraction  and 
a  greater  amount  of  deviation. 

621.  Refraction  in  a  Medium  Bounded  by  Plane  Parallel 
Surfaces.     When  a  ray  of  light  passes  through  a  medium  hav- 
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ing  plane  parallel  sides,  such  as  a  piece  of  thick  plate  glass,  the 
ray  docs  not  suffer  angular  deviation,  but  is  displaced  parallel 
to  its  original  direction.  Upon  entering  the  refracting  medium, 
Fig.  444,  the  light  is  bent  towards  the  normal  and  proceeds  in 
this  direction  until  it  encounters  the  second  surface,  when  the 
angle  of  refraction  at  the  first  surface  becomes  the  angle  of  in- 
cidence at  the  second,  and  the  angle  of  refraction  at  the  second 
surface  is  equal  to 
the  angle  of  inci- 
dence at  the  first. 
After  passing 

obliquely  through 
the  glass,  the  ray 
therefore  proceeds 
in  a  direction  par- 
allel to  its  original 
direction,  but  is 
slightly  displaced 
laterally.  The  fact 
that  a  ray  of  light 
suffers  no  angular 

displacement  in  passing  through  a  refracting  medium  bounded 
by  plane  parallel  surfaces  is  of  importance  in  a  later  demonstra- 
tion. 

622.  Total  Reflection— The  Critical  Angle.  Let  mn,  Fig. 
445,  represent  the  boundary  between  a  rare  medium  above  and  a 
denser  one  beneath,  such  as  air  and  water,  and  let  a  ray  of  light 
pass  from  the  air  into  the  water  at  all  possible  angles  of  inci- 
dence.   In  each  case  the  ray  is  so  refracted  that 


I'lG.  444.  llefvaction  of  lljrht  in  passins;  through  a 
den.'ier  meclium  bounded  by  plane  parallel  sur- 
faces. 


where  n  is  the  index  of  refraction  from  air  to  water.  The  ray  Nl, 
passing  perpendicular  to  the  surface,  undergoes  no  deviation, 
but  is  propagated  in  the  direction  /.V  in  the  denser  medium.  The 
ray  AI  is  refracted  in  the  direction  IA\  BI  is  refracted  in  the 
direction  IB',   CI    is  bent  in  the  direction   7C"  and    DI,  which 
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makes  an  angle  of  incidence  of  almost  90°,  is  refracted  in  the  di- 
rection II)\ 

Conversely,  if  light  is  sent  from  the  denser  into  the  rarer  med- 
ium, that  is,  in  this  case  from  the  water  into  the  air,  the  incident 
ray  N'l,  perpendicular  to  the  surface,  passes  out  into  the  air 
undeviated  in  the  direction  IN.  So,  also,  if  light  is  sent  from  the 
water  in  the  direction  A'l,  it  is  refracted  and  emerges  in  the  di- 
rection I  A.  In  the  same  way,  if  B^I  is  the  incident  ray,  IB  is 
the  refracted  ray ;  if  G'l  is  the  incident  ray,  IC  is  the  refracted 
ray,  and  if  light  is  sent  from  the  denser  into  the  rarer  medium 
in  the  direction  VI,  so  that  D'l  is  an  incident  ray,  the  light  just 
passes  out  into  the  air  in  the  direction  ID.  It  is  evident  that  the 
incident  ray  D'l  in  the  denser  medium  is  the  last  ray  which  can 

undergo  refraction, 
for  the  refracted  ray 
IB  makes  an  angle 
of  refraction  of  90'^ 
in  the  rarer  medium. 
The  angle  of  inci- 
dence N'lB'  in  the 
denser  medium  is 
therefore  the  great- 
est angle  of  inci- 
dence which  per- 
mits the  refracted 
ray  to  emerge  in 
the  rarer  medium, 
and  this  angle  of  in- 
cidence is  known  as 
tlie  critical  angle. 
Wlien  ligJit  passes 
from  a  (h  user  to  a  rarer  medium,  tlie  critical  angle  is  tJiat  angle 
of  incidence  in  the  denser  medium  for  ivliicli  the  angle  of  refrac- 
tion in  tlie  rarer  medium  is  90° . 

If  F'l  represents  a  ray  of  light  incident  at  an  angle  greater 
than  the  critical  angle,  this  ray  cannot  emerge  from  the  denser 
medium,  and  therefore  undergoes  total  reflection  at  the  point  I, 
passing  back,  still  in  the  denser  medium,  in  the  direction  IF. 
Wlien  liglit  passes  from  a  denser  to  a  rarer  medium,  total  reflec- 


■=r  n 


The  critical  aujilo  and  tlie  total  reflection 
of  light. 
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Hon  occurs  ivlien  tlie  angle  of  incidence  is  greater  than  the  criti- 
cal angle. 

AVe  have  seen  that  when  light  passes  from  a  denser  into  a  rarer 
medium. 


sm  /         1 
tsin  )•         n 


svhere  n  is  the  index  of  refraction  from  the  rarer  to  the  denser 
medium.  In  this  expression,  if  i  is  the  critical  angle,  then  r  is 
90°,  and 

sin  r~l. 
Accordingly,  for  the  critical  angle 


That  IS,  the  sine  of  the  critical  angle  is  the  reciprocal  of  the  index 
of  .refraction;  or,  the  critical  angle  may  be  defined  as  that  angle 
of  incidence  in  the  denser  medium,  the  sine  of  which  is  the  recip- 
rocal of  the  index  of  refraction. 

623.  Applications  of  Total  Reflection.     A  piece  of  appara- 
known  as  the  inverting  prism  is  extensively  used,  especially  with 
the  projecting  lantern,  and  depends  in  its  action  upon  the  phen- 
omenon of  the  total  reflec- 
tion of  light.     This  device 
is  a  right  angled  prism  of 
glass,  and  is  so  placed  be- 
fore the  lantern  that  i-ays 
of  light  must  pass  through 
it    on    their    way    to    the 
screen.      Let     A  and     B, 
Fig.  44G,    represent    two    such    rays.     These    ravs    enter    the 
prism  and  are  refracted,  passing  down  to  the  points  a  and  h  re- 
spectively on  the  longest  face  of  the  prism.    But  the  an-le  of  the 
prism  IS  such  that  the  angle  of  incidence  at  this  face  is  greater 


Fig.   44G. 


A   total    reflectin; 


or  inverting. 
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than  the  critical  angle,  so  that  total  reflection  occurs;  and  ac- 
cordingly, the  rays  after  b'eing  again  refracted,  pass  out  parallel 
to  their  original  directions.  It  will  be  observed,  however,  that 
the  ray  Avhich  was  formerly  above  is  now  below,  and  vice  versa. 
Since  a  lantern  projects  an  object  inverted,  the  total  reflecting 
prism  placed  in  the  path  of  the  ray  inverts  this  already  inverted 
image,  and  therefore  causes  it  to  appear  erect  upon  the  screen. 

The  experiment  of  the  "illuminated  vein"  most  beautifully  il- 
lustrates the  phenomenon  of  total  reflection.  A  tall  tank,  Fig. 
447,  provided  with  a  window  on  one  side  and  an  opening,  closed 
by  a  cork,  directly  opposite,  is  filled  with  water.  Sunlight  or 
light  from  the  electric  lamp  is  concentrated  by  a  lens  before  the 
window  in  the  tank,  so  as  to  converge  directly  upon  the  opening 

on  the  other  side.  When 
the  cork  is  removed,  thu 
water  flows  out  in  a  para- 
bolic path,  and  the  light 
enters  the  stream,  passing 
initially  in  the  direction 
in  w^hich  the  water  is  mov- 
ing. The  light,  however, 
strikes  the  sides  of  the  jet 
very  obliquely,  and  every- 
where at  an  angle  much 
greater  than  the  critical 
angle.  Accordingly,  the 
light  cannot  escape,  since  it 
is  totally  reflected  at  every 
point  of  its  path,  and 
therefore  remains  in  the 
stream  to  illuminate  it  throughout  the  entire  course.  The  per- 
fect parabolic  path  of  the  jet,  illuminated  from  within  l)y  the 
light  which  everywhere  undergoes  total  reflection,  makes  this  ex- 
periment one  of  singular  interest  and  beauty. 


Fig.    44" 


The    expeTiment    of   the    "illu- 
minated vein." 


624.  Refraction  by  a  Prism.  A  prism  in  optics  is,  in  gen- 
eral, any  transparent  body  the  sides  of  which  are  formed  by  three 
planes  which  meet  in  three  parallel  lines.  The  angle  in  which 
two  of  these  planes  meet  is  called  tlie  rofraciing  edge  of  the  prism, 


REFRACTION  BY  A  PRISM. 


785 


and  the  cross-section  of  the  prism  at  right  angles  to  the  refract- 
ing edge  is  known  as  tJie  principal  plane,  or  the  principal  sec- 
tion, of  the  prism. 

A  ray  of  light  which  passes  through  a  prism  is  refracted  at 
both  surfaces  and  undergoes  an  angular  deviation,  due  to  the 
fact  that  these  surfaces  are  not  parallel.  The  amount  of  this  an- 
gular deviation,  as  Avell  as  the  direction  of  the  emerging  ray,  may 
best  be  understood  by  a  diagram.  Let  the  triangle,  Fig.  448, 
represent  the  principal  section  of  a  prism  made  of  some  medium, 
like  glass,  which  is  denser  than  air,  and  let  A  be  the  refracting 
angle.  A  ray  of  light  which  is  incident  at  I  from  a  source  S  is 
refracted  towards  the  normal  N  I,  and  passes  through  the  prism 
in  the  direction  /  P.  At  Z'  the  ray  again  undergoes  refraction, 
this  time  passing 
from  the  denser  to 
the  rarer  medium, 
and  hence  is  bent 
away  from  the  nor- 
mal, N^  I',  passing 
out  into  the  air  in 
the  direction  P  R. 
The  angle  D,  which 
is  the  angle  be- 
tw^een  the  original 
direction  of  the  incident 
fracted  ra\ 


Fig.  44S.     Refraction  of  light  by  a  prism. 


ray  and  tlie  final  direction  of  the  re- 
is  the  angular  deviation  which  has  been  produced,, 
and  is  known  as  the  angle  of  deviation. 

If  the  prism  is  made  of  a  material  which  is  optically  denser 
than  the  medium  in  which  it  is  placed,  a  ray  of  light  in  passing 
tlirougli  it  will  he  refracted  or  bent  towards  the  thicker  por- 
tion of  the  pr?s»i.  On  the  other  hand,  an  eye  which  receives 
this  refracted  ray  will  perceive  the  source  of  light  displaced  to- 
wards the  thinner  portion,  that  is,  towards  the  refracting  edge. 
Indeed,  if  two  rays  from  the  source  are  followed,  as  these  are 
refracted  by  the  prism,  they  will  be  found  to  diverge  after  re- 
fraction, and  hence  they  appear  to  meet  at  the  point  S',  which 
is  the  virtual  image  of  the  source  S.  Thus,  the  image  produced 
by  a  prism  is  virtual,  is  on  the  same  side  of  the  prism  as  the 
source  of  the  light,  and  is  always  seen  displaced  towards  the  re- 
fracting edge. 
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625.  The  Position  of  Minimum  Deviation.  If  the  angle  of 
incidence  upon  the  first  face  of  the  prism  is  changed,  the  angle 
of  refraction  will  also  change.  Consequently,  the  angle  of  in- 
cidence at  the  second  face  will  then  change,  and  the  angle  of  re- 
fraction at  this  face  will  likewise  change,  so  that  the  total  angle 
of  deviation,  D,  produced  by  the  prism  is  seen  to  depend  upon 
the  angle  of  incidence  at  the  first  face.  The  manner  in  which 
the  angle  of  deviation  depends  upon  the  first  angle  of  incidence 
is,  however,  most  interesting.  If  this  angle  of  incidence  is  at 
first  zero,  and  is  then  gradually  and  continuously  increased,  the 
angle  of  deviation,  D,  Avill  be  found  to  become  smaller.  Indeed, 
this  angle  will  continue  to  grow  smaller  until  a  particular  angle 
of  incidence  is  attained,  after  Avhieh,  for  a  farther  increase  in  the 
angle  of  incidence,  the  angle  of  deviation  will  not  only  not  be- 
come smaller,  but  will  actually  grow  larger.  For  a  particular 
angle  of  incidence,  therefore,  and  for  this  alone,  the  angle  of  de- 
viation D  attains  a  minimum  value,  and  the  prism  is  then  said 
to  be  in  its  position  of  minimum  deviation. 

One  further  matter  of  interest  and  importance  is  connected 
with  the  position  of  minimum  deviation,  namely,  the  fact  that  in 
this  position  the  ray  of  light  then  passes  symmetrically  through 
the  prism.  That  is,  if  B,  Fig.  449,  represents  the  angle  of  mini- 
mum deviation  of  the  ray  SI  from  the  source  8,  the  ray  II',  in 
passing  through  the  prism  makes  equal  angles  iviili  each  face, 
and  tlie  angle  of  incidence,  i,  at  tlie  first  face  is  equal  io  the  angle 
of  refraction,  r',  at  tlie  second.  Accordingly,  when  the  prism  is 
in  the  the  position  of  minimum  deviation,  it  follows  that  either 
an  increase  or  a  decrease  in  the  angle  of  incidence  will  produce 
an  increase  in  the  angle  of  deviation,  D,  and  also  that  the  ray  of 
light  then  passes  symmetrically  through  the  prism,  the  angles 
made  by  the  ray  with  one  face  being  equal  to  the  corresponding 
angles  made  by  the  ray  with  the  other  face. 

"Whenever  a  prism  is  used  as  a  means  of  refracting  light,  it  is 
always  to  be  placed  in  its  position  of  minimum  deviation.  This 
may  best  be  accomplished  b}'  maintaining  the  ray  in  its  original 
direction,  and  varying  the  angle  of  incidence  by  turning  the 
prism.  It  is  therefore  usual  to  receive  the  ray  either  by  the  eye 
or  upon  a  screen,  and  then  with  the  hand  to  rotate  the  prism 
about  its  axis  until  the  angle  of  deviation  is  observed  to  increase, 
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whichever  way  the  prism  is  turned.  The  prism  is  then  in  its  po- 
sition of  minimum  deviation,  and  the  ray  of  light  passes  symmet- 
ricall}'  through  it. 

626.  Determination  of  the  Index  of  Refraction  by  a  Prism. 

Because  of  the  ease  and  accuracy  of  determining  the  angle  of  de- 
viation produced  in  a  ray  of  light  by  a  prism,  this  body  is  the 
means  usually  employed  in  measuring  the  index  of  refraction  of 
the  medium  of  which  the  prism  is  made.  This  may  be  accomp- 
lished in  the  following  manner. 

Let  81,  Fig.  449,  be  a  ray  of  light  incident  upon  the  prism  in 
the  plane  of  the  principal  section,  SIN  the  angle  of  incidence  i, 
and  3III'  the  angle  of  refraction  r.  The  ray  of  light  IF  Avithin 
the  prism  makes  the  angle  of  incidence  IPM  or  i',  upon  the  sec- 
ond face  of  the  prism,  and  emerges  in  the  direction  PR,  making 
the  angle  of  refraction  RFN',  or  r\  at  the  second  surface.  If 
the  directions  of  the  incident  and  the  refracted  rays  are  produced 
until   they   meet   at 

0,     the     angle     D,  A. 

which  is  the  angle 
included  between 
these  lines,  is  the  to- 
tal angle  of  devia- 
tion which  has  been 
produced  by  the 
prism.  Furthermore, 
the  angle  d  is  the 
angle  of  deviation 
produced  by  the  re- 
fraction at  the  first  surface,  and  d'  is  the  angle  of  deviation  pro- 
duced by  the  refraction  at  the  second  surface,  so  that 


Fig.  449.  In  the  position  of  minimum  deviation,  a 
ray  of  liglit  passes  symmetrically  through  the 
prism. 


But 


and 


I)=d-]-d\ 


d=i — r. 


d/  =  r'—i' 
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therefore 

D—i-^r'—(r+i'). 


But 


r+i'=:A, 


(the  exterior  angle  of  a  triangle  is  equal  to  the  sum  of  the  two 
opposite  interior  angles) ,  where  A  is  equal  in  magnitude  to  the 
angle  of  the  prism  (their  sides  being  perpendicular). 

If  now  the  prism  is  in  the  position  of  minimum  deviation,  that 
is,  if  the  ray  of  light  passes  symmetricallj^  through  it, 


r' 


1—1'. 


A  —  2r, 


A 

r  =  — 
2 


Therefore,  in  the  position  of  minimum  deviation, 

B  ^  2i—A, 
from  which 


and 


Accordingly, 


and 


But  we  know  (p.  777)  that 
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Sin  it    

sin  r 


where  n  is  the  index  of  refraction.  When  we  substitute  in  this 
equation  the  above  values  of  i  and  r,  thereby  applying  this  ex- 
pression to  the  refraction  of  light  produced  by  a  prism,  we  obtain 


sin 


J)  +  A 


sin  i 
sin  /• 


.      A 

sin 

2 


Since  the  angle  of  the  prism  A  and  the  angle  of  deviation  J)  may 
be  determined  with  great  accuracy,  the  prism  is  the  best  means 
of  measuring  the  index  of  refraction,  and  this  is  the  method  or- 
dinarily emplojTcl. 

In  a  similar  way,  indices  of  refraction  of  liquids  may  be  deter- 
mined by  filling  a  hollow  prism  with  the  liquid  to  be  investigated. 
The  plane  parallel  glass  surfaces  of  the  hollow  prism  produce  no 
angular  deviation  of  the  ray,  hence  the  deviation  obtained  is  that 
due  solely  to  the  prismatic  volume  of  the  liquid  contained. 

627.  Refraction  at  a  Spherical  Surface.     Let  AB,  Fig.  450, 

be  a  portion  of  a  spherical  surface  separating  the  denser  medium 
to  the  right  from  the  rarer  medium  to  the  left,  and  let  C  be  the 
center  of  curvature  of  this  surface.     Let  L  be  a  source  of  light 
upon  the  principal  axis  LA,  and  let  LB  be  a  ray  of  light  inci- 
dent at  B.    This  ray  of  light  will  be  refracted  towards  the  normal 
in  the  denser  me- 
dium, and   the  re- 
fracted vay,  if  pro- 
duced   backwards, 
will  cut  the  axis  in 
some  point  such  as 
I,  so   that   I  is  the 
virtual  focus  con- 
jugate   to  L.      Ac-  KiG.   450.      Refraction  at  a  spherical  surface, 
cordingly,  the  an- 
gle LBC  is  the  angle  of   incidence   i,  and   the   angle  IBC  is  the 
angle  of  refraction  r. 
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If  11  is  the  index  of  refraction  of  the  denser  medium,  we  know- 
that 

_  sin  /        sin  BBC 

sin  /■        sin  I  B    C 

In  order  to  determine  the  values  of  these  sines,  we  must  drop  the 
perpendiculars  LL'  and  IV  from  the  points  L  and  I  respectively 
upon  the  line  CB  produced.    Then 

si,,  Zi?  G=^^^' 


L  B  ' 

and 

sin  I  B  C        ^^ 


IB 

The  above  expression  for  the  index  of  refraction  then  becomes 


L  L 

)i  = 

LB 

IV     ' 
IB 

or 

LL 

IB 
LB 

But  from 

similar  tr 

iangles, 

LU 

L  C 

I  V 

~  I  e 

and 


Therefore, 


=  (approxnnatelv) 

LB       LA 


L  C       1  A 
I   C    'LA 
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Letting 

LA=p, 
lA=p% 

CA=r, 
this  equation  becomes 

P  —  **  P' 

n  =  '■ — •  —  . 

if  —  r         p 

Clearing  of  fractions, 

npp' — npr=pp' — p'r, 

or 


pp'  (n—l)  =  npr—p'r 

Dividing  by  pp'r, 

n            1         II  —  1 
p'           p    "~       r 

(A), 


which  is  the  fundamental  equation  for  the  refraction  of  light  at 
the  spherical  surface  of  a  denser  medium. 

In  this  connection  it  is  interesting  to  notice  that  if 

n=:  — 1, 

that  is,  if  the  light  is  reflected  at  the  spherical  surface  back  again 
into  the  medium  at  the  left,  equation  (A)  then  becomes 


1 

1 

2 

+  ,.' 

=  — 

p 

V 

r 

which  is  the  fundamental  expression  for  reflection  from  a  con- 
cave surface  (p.  761).  This,  however,  is  not  further  considered, 
since  we  are  dealing  with  refraction  in  the  second  medium. 
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628.  Lenses.  If  t!ie  denser  niocUuin  is  terminated  by  a  sec- 
ond surface,  either  plane  or  spherical,  it  constitutes  what  is 
known  as  a  lens.  A  lens,  therefore,  is  a  portion  of  a  transparent 
refracting  substance  bounded  by  two  spherical  surfaces,  or  by 
two  surfaces,  one  spherical  and  the  other  plane.  The  ray  of  light 
therefore  undergoes  refraction  at  this  second  surface  also,  and 
so  re-enters  the  original  medium,  having  passed  through  the  lens. 
In  this  case,  however,  the  index  of  refraction  for  this  second  sur- 
face is  since  the  light  passes  from  the  denser  to  the  rarer 
n 

medium.  Moreover,  the  light  is  incident  upon  this  second  sur- 
face as  if  it  came  from  the  virtual  focus  I,  Fig.  451,  and  hence, 
if  the  lens  is  so  thin  that  we  may  neglect  its  thickness,  %>'  be- 
comes the  distance  of  the  source  of  light  from  the-  second  surface. 
Furthermore,  Ave  will  let  q  be  the  distance  from  this  second  sur- 
face at  which  the 
refracted  r  a  y 

crosses  the  axis, 
that  is,  q  will  be 
the  distance  of  the 
focus  from  the  sec- 
ond surface,  and  r' 
will  represent   the 

Fig.   451.     Refraction  at  tlie  two   surf.Tces  of  a  lens.       radius      of      CUl'Va- 

ture  of  the  second 
surface.  Accordingly  the  equation  for  the  second  surface 
which  corresponds  to  equation  (A)  for  the  first  becomes 


1 

'  - 1 

11 

1 

p' 

n 

r' 

from  which 

1 

n  q 

1 

p' 

1  —  n 
n  r 

or 
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J n 1  —   n 

Y  p'    ^-       r'     '     (B) 

which  is  the  fundamental  equation  for  refraction  at  the  second 
spherical  surface. 

Since  the  light  passes  entirely  through  the  lens,  undergoing 
refraction  at  both  surfaces,  the  effect  of  these  two  refractions 
may  be  obtained  by  adding  equations  (A)  and  (B).  Accordingly, 

y  />  r  r' 

Tliis  may  be  called  the  fundamental  equation  of  the  lens. 

Since  p  is  the  distance  of  the  source  of  light  from  the  lens,  and 
q  is  the  distance  of  the  focus  from  the  lens,  p  and  q  arc  at  con- 
jugate foci.  Moreover,  since  the  thickness  of  the  lens  has  been 
neglected,  this  expression  is  true  only  for  very  thin  lenses,  that 
is,  when  the  thickness  of  the  lens  is  vanishingly  small  as  com- 
pared with  the  distances  p  and  q. 

When  the  source  of  light  is  at  infinity,  the  point  where  the 
rays  meet  after  refraction  is  known  as  the  principal  focus.  The 
distance  of  the  principal  focus  from  the  lens  is  called  the  princi- 
pal focal  length  of  the  lens,  and  this  value  of  q  is  denoted  by  /. 
Therefore,  wdien 

J>  =  ^, 
the  equation  for  the  lens  becomes 


/• 


or 


(»-!)(    ' -L 


The  convention  Avhich  has  here  been  adopted  as  to  signs  is  to 
regard  all  distances  on  the  side  of  the  lens  towards  the  soui'ce  of 


194: 


THE  REFRACTION  OF  LIGHT. 


light  as  positive,  and  all  distances  from  the  lens  in  the  opposite 
direction  as  negative.  Since  n  is  larger  than  -luiity,  (n — 1)  is 
always  a  positive  quantity,  and  therefore  /,  which  is  the  distance 
of  the  principal  focus  from  the  lens,  must  depend  for  its  sign 
upon  the  expression 

r    ~    r" 


Here  it  must  be  remembered  that  r  and  r^  are  the  radii  of  curva- 
ture of  the  first  and  the  second  surfaces  respectively,  and  that 
these  distances  may  be  positive  or  negative  according  to  the  shape 
of  the  lens.  It  will  be  seen.  Fig.  452,  that  six  forms  of  lenses  are 
possible,  depending  upon  the  values  and  the  signs  which  r  and  r' 

may  have.  The 
first  three  are 
thicker  in  the  cen- 
ter than  at  the 
edges,  and  together 
form  lenses  of  one 
class,  while  the 
second  three  are  thinner  at  the  center  than  at  the  edges,  and 
these  form  lenses  of  another  class. 

If  we  draw  radii  of  these  surfaces,  and  test  the  sign  of  the  ex- 
pression 


Fig.   452.     The  six  possible  forms   of  lenses. 


w^e  shall  then  be  able  to  de- 
termine the  sign  of  /  for  each 
lens.  Making  this  applica- 
tion, for  the  sake  of  brevity, 
to  the  first  lens  only.  Fig. 
453,  we  see  that  r,  the  radius 
of     the     first     surface     is, 

negative,  and  therefore         is  also  negative,     r',  the  radius  of  the 

second  surface,  is  positive,  and  J—  is  also  positive.  ^,  however, 

has  the  minus  sign  before  it,  and  therefore  the  expression 


Fig.   453.     Determination  of  the  positive 
or   negative   value   of  the   expression. 
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J 1^ 

for  the  first  lens  is  negative,  and  /  is  negative.  Applying  this 
test  to  each  of  the  six  lenses  in  turn,  we  find  that  /  is  negative 
for  the  first  three,  and  positive  for  the  second  three.  The  nega- 
tive focal  length  in  the  case  of  the  first  three  lenses  indicates 
that  parallel  rays  of  light  after  passing  through  the  lens  really 
come  to  a  focus  on  the  farther  side,  and  these  three  lenses  are 
therefore  known  as  converging  lenses.  The  positive  focal  length 
in  the  case  of  the  second  three  lenses  indicates  that  parallel  rays 
of  light,  after  passing  through  the  lens,  continue  to  diverge,  for 
the  principal  focal  distance  then  falls  on  the  side  of  the  lens  to- 
wards the  source  of  light,  and  this  focus  is  therefore  virtual.  On 
this  aeeouiit,  the  second  three  lenses  are  called  diverging  lenses, 
and  always  give  virtual  foci. 

Moreover,  q  is  always  negative  for  real  foci,  since  the  rays  of 
light,  if  they  meet  after  passing  through  the  leiis,  must  do  so  on 
the  side  of  the  lens  away  from  the  source.  A  focus,  therefore,  is 
real  when  it  is  negative. 

Inasmuch  as 

'^  =  {n-l)    (-^--^), 

we  see  that  the  second  member  of  this  equation  is  the  same  as  the 
second  member  of  the  fundamental  equation  of  the  lens  (p.  793). 
Equating  the  first  members,  therefore,  we  obtain 

J ]_  _  J_ 

7  J'  f 

Here  /  and  q,  for  converging  lenses,  are  essentially  negative,  and 
their  positive  values  indicate  that  these  distances  are  to  be  taken 
on  the  side  of  the  lens  away  from  the  source  of  light.  For  diverg- 
ing lenses,  /  and  q  are  inherently  positive,  and  are  always  found 
on  the  positive  side  of  the  lens. 

629.  Conjugate  Foci  in  Converging  Lenses.  The'eciualion 
last  derived  is  extremely  convenient  in  practice  as  showing   the 
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relation  between  conjugate  foci  and  the  focal  length  of  the  lens. 
The  relative  movement  of  the  conjugate  foci  may  be  beautifully 
shown  by  allowing  p  to  occupy  different  position  before  the  lens. 

1.  If 


this  equation  becomes 


P 


or 


Fig.  454.  M'hen  the  source  of  light  is  at 
iuflnity,  the  rays  meet  at  the  prin- 
cipal focus. 


Therefore,  when  the  source 
of  light  is  at  infinity,  that  is, 
when  the  rays  of  light  come 
parallel  to  the  principal 
axis,  Fig.  454,  the  light  is 
brought  to  a  focus  at  the 
principal  focus. 


2.  If 


P=  —2f, 


that  is,  if  the  source  of  light  is  at  a  distance  from  the  lens  equal 
to  twice  the  focal  length  and  on  the  positive  side  ( — 2f  is  posi- 
tive, since  /  itself  is  negative),  then 


\_ 

'if 


from  Avhich 


1 
2/' 
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and 


q=2f. 


Therefore,  if  the  source  of  light  is  at  a  distance  from  the  lens 
equal  to  tAvice  its  focal  length,  Fig.  455,  the  focus  conjugate  with 
this  source  is  likewise  at  a  distance  from  the  lens  equal  to  twice 
its  focal  length. 
The  source  and  its 
focus  are,  then, 
four  times  the  fo- 
cal length  of  the 
lens  apart,  which  is 
the  shortest  dis- 
tance that  can  ex- 
ist between  a 
source  and  its  real  focus. 


Fig.  455.  When  the  distauce  of  the  source  from  the 
lens  is  twice  the  focal  length,  the  distauce  of  the 
focus  from  the  lens  is  twice  the  focal  length. 


It 


P- 


-/, 


that  is,  if  the  source  of  light  is  at  the  principal  focus,  the  equa- 
tion for  the  location  of  the  conjugate  foci  becomes 


from  which 


1  1  1 

/  + 1  ^  7 


and 


=  u, 


Therefore,  when  the  source  of  light  is  at  the  principal  focus,  Fig. 
456,  the  rays  of  light,  after  passing  through  the  lens,  leave  it 
parallel  to  the  principal  axis,  that  is,  these  rays  meet  at  infinity. 
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4.  "When  tlie  source  of  light  is  between  the  principal  focus  and 
the  lens,  that  is,  when 


P<— /, 


then 


Fig.  456.  When  the  source  of  light  is  at 
the  principal  focus,  the  rays  leave  the 
lens  parallel  to  the  principal  avis. 


or 


and  the  above  equation  becomes 


from  Avhieh 


7  2^         / 


where 


That  is,  —  equals  —  minus  a  quantity  w^hicli  is  greater  than        » 

and  the  right  side  of  this  equation  is  negative.  But,  since  q  itself 
is  essentially  negative,  we  have  here  the  negative  value  of  a  nega- 
tive quantity,  or,  in  other  words,  a  positive  quantity.  Accord- 
ingly, when  the  source  of  light  is  between  the  principal  focus  and 
the  lens,  Fig.  457,  the  rays  do  not  meet  on  the  farther  side  of  the 
lens,  but  continue  to  diverge  after  refraction,  and  these  rays  pro- 
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Fig.  457.  When  the  source  is  nearer  the  lens  than 
the  principal  focus,  the  rays  continue  to  di- 
verge, and  the  focus  is  virtual. 


duced  backward  seem  to  meet  at  a  point  on  the  same  side  of  the 
lens  as  the  source,  and  therefore  at  a  virtual  focus.  Accordingly, 
light  is  brought  to  a  real  focus  only  when  the  source  of  light  is 
at  a  distance  from 
the  lens  greater 
than  the  principal 
focal  length. 

630.  The    Optical 
Center   of  a  Lens. 

The   optical    center 

of  a  lens  is  defined 

as   the    point   in    a 

lens  or  near  it  such 

that    all     rays     of 

light  passing  through  this  point   suffer   no   angular   deviation 

by  the  lens.    That  this  point  is  fixed  with  respect  to  the  lens  is 

shown  as  follows : 

Let  COC  Fig.  458,  be  the  principal  axis  of  the  lens,  C  and  C 
being  the  centers  of  curvature  of  the  spherical  surfaces.  Draw 
two  parallel  radii  such  as  CI  and  C'P,  and  let  the  line  Z/'  repre- 
sent the  direction  of  the  ray  of  light  within  the  lens.  Since  this 
ray  of  light  makes  equal  angles  with  the  normals  CI  and  C'P 

Avithin  the  lens,  that  is, 
since  the  angle  of  refrac- 
tion CIP  at  the  first  sur- 
face is  equal  to  the  angle 
of  incidence  C/'I  upon  the 
second  surface  (alternate 
interior  angles) ,  the  angles 
of  incidence  and  emerg- 
ence of  the  raj'  must  be 
equal.  Therefore,  the  ray 
of  light  SI  which  passes  in 
the  direction  IP  through 
the  lens  emerges  in  the  direction  PR,  parallel  to  its  original  di- 
rection SI.  If  tangent  planes  are  erected  at  I  and  Z'  these  planes 
are  parallel,  since  they  are  perpendicular  respectively  to  parallel 
radii.     Accordingly,  the  ray  SIPR  passes  through  the  lens  as  if 


Fig.  458.    Diagram  showing  that  the  optical 
center  O  is  a  fixed  point. 
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it  were  passing  through  a  medium  bounded  bj^  plane  parallel  sur- 
faces, and  therefore  suffers  no  angular  deviation.  It  is  true  that 
there  is  a  lateral  displacement,  but  if  the  lens  is  thin,  this  may 
be  neglected.  Let  0  be  the  point  where  the  ray  W  intersects  the 
principal  axis  CC\  We  are  to  show  that  every  ray  passing 
through  0  suffers  no  angular  deviation,  or,  in  other  words,  that 
the  point  0  is  constant. 

In  the  similar  triangles  COI  and  C'OI', 

c  o    _c:o 


or 


C  0  C  I 


but 


c  0  ^  c  r 


r 
=  —  =  constant, 
r 


therefore 


jy  o 

CO 


constant, 


from  which  it  follows  that  0  is  a  constant  point,  since  C  and  C 
are  fixed. 

Accordingly,  every  ray  which  passes  through  the  point  0  suf- 
fers no  angular  deviation  in  passing  through  the  lens.  Moreover, 
since  we  are  dealing  only  with  thin  lenses,  we  may  say  that  any 
ray  passing  through  the  point  0  passes  straight  through  the  lens 
without  deviation.  This  point  0  is  known  as  the  optical  center 
of  the  lens.  For  a  double  convex  or  a  double  concave  lens,  the 
optical  center  is  within  the  lens ;  for  a  plano-convex  or  a  plano- 
concave lens  it  is  at  the  spherical  surface;  and  for  a  lens  of 
either  of  the  other  two  forms,  it  is  outside  the  lens,  near  the  sur- 
face of  the  shorter  radius  of  curvature. 
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631.  Axes.  An  axis  of  a  lens  is  any  straigJit  line  passing 
fhrougli  the  optical  center.  The  particular  axis  passing  tlirongli 
tlie  centers  of  curvature  is  called  the  principal  axis,  ivhile  all 
other  axes  are  Iniown  as  sccondanj  axes.  Since  a  lens  is  a  solid 
of  revolution,  the  principal  axis  is  also  the  axis  of  revolution. 
The  expressions  Avhich  apply  to  conjugate  foci  on  the  principal 
axis  apply  also  to  conjugate  foci  on  secondary  axes,  provided 
the  latter  make  only  a  small  angle  with- the  principal  axis. 

632.  The  Formation  of  Images  by  Lenses.  Rays  of  light 
which  depart  from  a  luminous  object  placed  before  a  lens  pass 
through  the  lens,  and  produce  an  image  of  the  object  at  the  point 
where  these  rays  meet  after  refraction.  Although  the  number  of 
rays  thus  passing  through  a  lens  is  very  great,  two  especially 
may  be  followed  without  difficult  comi)utation.  Of  the  infinite 
number  of  rays  Avhich  depart  from  any  point  of  an  object,  that 
particular  one  which  passes  parallel  to  the  principal  axis  will  be 
so  refracted  as  to  pass  through  the  principal  focus.  Accordingly, 
the  image  of  the  point  will  be  found  somewhere  upon  this  latter 
ray.  Also  that  particular  ray  which  passes  through  the  optical 
center  of  the  lens  continues  in  its  original  direction  without  un- 
dergoing angular  deviation,  and  the  image  of  the  point  will  be 
found  likeAvise  somewhere  upon  this  ray.  Since  the  image  of  the 
given  point  is  thus  found  upon  both  of  these  rays,  it  must  be 
found  at  their  point  of  intersection.  In  like  manner  the  images 
of  other  points  of  the  object  may  be  located ;  and,  since  the  image 
of  an  object  is  the  assemblage  of  the  images  of  its  points,  this 
image  may  be  easily  constructed.   - 

Inasmuch  as  lenses  may  be  divided  into  two  general  classes, 
converging  and  diverging,  the  double  convex  and  the  double  con- 
cave lenses  will  be  taken  as  types  of  these  classes  respectively. 

633.  Images  in  Converging  Lenses.  In  tlie  formation  of 
images  in  converging  lenses,  two  cases  are  to  be  distinguished, 
depending  upon  the  position  of  the  object  with  relation  to  the 
principal  focus  of  the  lens. 

1.  The  object  is  farther  from  the  lens  than  the  principal  focal 
distance.    Let  XY,  Fig.  459,  be  an  object  before  a  double  convex 
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lens  at  a  distance  from  the  lens  greater  than  the  principal  focal 
length.  From  the  point  X  one  ray,  and  only  one  ray,  XA,  will 
pass  parallel  to  the  principal  axis,  and  this  Avill  be  refracted 
through  the  principal  focus  F'.  Therefore,  somewhere  on  the 
line  AF'  will  be  found  the  image  of  the  point  X.  Also  from  X 
one  ray,  and  only  one  ray,  XO,  will  fall  upon  the  lens  so  as  to 
pass  through  its  optical  center  0,  and  this  ray  will  pass  through 
the  lens  undeviated.  Therefore,  somewhere  on  the  line  XO  will 
be  found  the  image  of  the  point  X.  Since  the  image  of  this 
point  is  found  on  the  line  AF'  and  also  on  the  line  XO,  it  must 
be  found  at  the  point  of  intersection  x.  x,  therefore,  is  the  image 
of  the  point  X.  In  the  same  way,  the  ray  YB,  falling  parallel 
to  the  principal  axis,  is  refracted  through  the  principal  focus  F', 
and  therefore  the  image  of  Y  is  found  somewhere  on  the  line 
BF^.  So,  also  the  ray  YO,  passing  through  the  optical  center  0, 
v^  A  A  Avill  continue  unde- 

viated, and  the  im- 
age of  Y  will  be 
found  somewhere  on 
the  line  YO.  Since 
this  image  is  found 
on  the  line  BF' ,  and 
also  on  the  line  YO, 
it  must  be  located  at  their  point  of  intersection  y.  xy,  therefore, 
is  the  image  of  the  object  XY,  and  is  real  and  inverted. 

The  relative  size  of  object  and  image  may  be  readily  deter- 
mined.   Since  the  triangles  XOY  and  xOy  are  similar. 


Fig.  4.59.  The  formation  of  an  image  in  a  converg- 
ing lens  wlien  the  object  is  beyond  the  principal 
focus. 


X  Y 


where  p  and  q  are  the  distances  of  the  object  and  image  from  the 
lens  respectively.  Therefore,  the  relative  sizes  of  an  object  and 
its  image  are  directly  as  their  respective  distances  from  the  lens. 
When 


P=  —2f, 
we  have  seen  (p.  796)  that  likewise 


IMAGES  IX  COXVER(UXG  LEXSES. 


803 


q=2f, 

that  is,  when  the  ol^jeet  is  at  the  distance  from  the  lens  equal  to 
twice  its  focal  length,  the  image  is  also  at  a  distance  from  the 
lens  equal  to  twice  its  focal  length,  and  the  object  and  image  are 
then  of  the  same  size.  A  convenient  method,  therefore,  of  meas- 
uring the  focal  length  of  a  lens  is  to  adjust  the  object  before 
the  lens  until  the  object  and  image  are  of  the  same  size.  The 
object  and  its  image  are  then  four  times  the  focal  length  of  the 
lens  apart. 

2.  The  object  is  between  the  principal  focus  and  the  lens.  In 
this  ease,  precisely  the  same  construction  is  to  be  followed  as  be- 
fore. One  ray  from  the  point  X  of  the  object,  Fig.  460,  will  fall 
parallel  to  the  principal  axis,  and  this  will  be  refracted  so  as  to 
pass  through  the  principal  focus  F\  Therefore,  somewhere  on 
the  line  AF',  or  on  this  line  produced,  wdll  be  found  the  image  of 
the  point  A'.  Moreover,  one  ray  XO  will  fall  upon  the  lens  so  as 
to  pass  through  the  optical  center  0,  and  this  ray  will  be  unde- 
viatcd  l)y  th(^  lens,  hence  somewhere  on  the  line  A'O,  or  on  this 
line  produced,  will  be  found  the  image  of  the  point  A'.  Since  the 
image  of  this  point  is  found  both  on  the  line  AF^  and  also  on  the 
line  XO,  it  must  lie  at  their  point  of  intersection.  Inasmuch  as 
these  rays  continue  ^ 
to  diverge  after 
passing  through 
the  lens,  they  must 
be  produced  back- 
wards, and  the 
point  X  where  they 
apparently  meet  is 

the     image     of     the       yy,-,.  4(50.     The  formation  of  an  image  in  a  couvergin? 
•    .    -tr      T  -^  lens    when    tlie    object    Is   between    the    principal 

point  X.     In  a  Sim-  focus  and   the  lens. 

ilar  way,  the  point 

y  is  located  as  the  image  of  the  point  Y.  xy,  therefore,  is  the  im- 
age of  the  object  XY,  and  is  erect,  virtual,  and  magnified. 

Here  again  the  relative  sizes  of  object  and  image  are  as  the  re- 
spective distances  of  the  object  and  image  from  the  lens.  This 
magnified,  erect,  and  virtual  image  of  the  object  is  the  image 
produced  ])y  the  ordinary  magnifying  glass. 


y 
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Fig.   461.     The  formation  of  au  image  in   a  divergiu 
lens.      lu  this  case  the   image  is  always  virtual. 


634.  The  Image  in  a  Diverging  Lens.  In  a  diverging  lens, 
the  image  is  formed  in  every  way  analogous  to  its  construction 
in  a  converging  lens.  F  and  F'  are  the  virtual  principal  foci  of 
a  double  concave  lens,  Fig.  461,  and  0  is  its  optical  center.  From 
the  point  X  of  the  object,  the  ray  XA  falls  parallel  to  the  prin- 
cipal axis,  and  is  refracted  by  the  lens  as  if  it  came  from  the 
principal  focus  F.  Therefore,  somewhere  on  the  line  FA  will  be 
found  the  image  of  the  point  X.  Also  from  the  point  X,  the  ray 
XO  falls  upon  the  lens  so  as  to  pass  through  the  optical  center, 

and  continues 

through  the  lens 
undeviatecl.  The 
image  of  the  point 
A'  must  lie,  there- 
fore, somewhere  on 
the  line  XO.  Since 
the  image  of  this 
point  occurs  on 
both  the  lines  FA 
and  XO,  it  must  be  found  at  their  point  of  intersection  .r.  In  the 
same  way,  y  is  located  as  the  image  of  the  point  Y,  and  these  two 
points  define  the  position  of  the  image  xy. 

From  the  similar  triangles  XOY  and  xOy,  it  will  be  s:en  that 
the  relative  sizes  of  the  object  and  image  are  as  their  respective 
distances  from  the  lens.  For  all  positions  of  the  object,  the  im- 
age in  a  concave  lens  is  erect,  virtual,  and  smaller  than  the  ob- 
ject. 

635.  Spherical  Aberration  of  Lenses.  "When  light  falls  upon 
a  large  lens  or  one  of  strong  curvature,  the  rays  which  are  inci- 
dent near  the  edges  strike  the  surface  under  a  greater  angle  of 
incidence  than  do  those  which  fall  upon  the  central  portions. 
Accordingly,  rays  passing  through  the  edges  of  a  lens.  Fig.  462. 
undergo  a  greater  refraction,  and  therefore  come  to  a  focus 
nearer  the  lens,  than  rays  passing  through  the  central  portions. 
In  a  lens  with  perfectly  spherical  surfaces,  therefore,  the  focus 
is  not  a  sharp  point,  but  is  an  elongated  cusped  curve,  Fig.  463, 
called  the  caustic,  formed  by  the  refracted  rays  crossing  each 
other  two  and  two. 
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Fig.  402.  The  cause  of 
spherical  aberra- 
tion  in   a    lens. 


Fig.    4G:j.      The    caustic 
by    refraction. 


This  failure  of  a  lens  to  bring  rays  of  light  exactly  to  one  focus 
is  called  splierical  aherraiion,  and  produces  a  blurring,  or  indis- 
tinctness, of  the  resulting  image.  Spherical  aberration  may  be 
corrected  b.y  changing  the  forms  of  the  refracting  surfaces;  and 
while  this  is  extremely  difficult  to  do  with  accuracy,  it  is.  never- 
theless, the  method  employed  in  making  object  glasses  for  large 
telescopes.  The  forms  of  the  surfaces  of  these  lenses  are  accord- 
ingly changed,  usually  by  hand,  until  the  resulting  image  is  per- 
fectly sharp.  For  less  accurate  purposes,  however,  it  is  customary 
to  interpose  a  diaphragm  or  screen  Avhich  cuts  off  the  rays  which 
pass  through  the  edges  of  the  lens,  so  that  those  Avhich  come 
through  the  center 
may  be  brought 
more  nearly  to  a 
sharp  focus.  This 
method  has  the  dis- 
advantage of  dimin- 
ishing the  amount 
of  light  passing 
through     the     lens, 

and  therefore  of    decreasing   the    In-illiancy    of  the  image  pro- 
duced. 

636.  The  Eye.  The  eye,  considered  as  an  optical  instru- 
ment, consists  of  several  parts,'  one  of  which  is  a  strongly  convex 
portion  called  the  cornea,  which  is  filled  with  the  clear,  trans- 
parent, aqueous  humor  A,  Fig.  4G4,  and  behind  this  is  the  dense, 
highh'-refracting  crystalline  lens  L.  Before  this  lens  is  a  circu- 
lar screen,  called  the  iris,  which  opens  and  closes  involuntarily, 

thus  admitting  more 
or  less  light  into  the 
eye.  The  space  behind 
the  crystalline  lens  is 
(illed  Avith  a  dense  liq. 
uid,  Y,  called  the  vit- 
reous humor.  At  the 
rear  of  the  eye  is 
an  extremely  delicate  and  sensitive  membrane,  known  as  the  ret- 
ina, Avhich  is,  indeed,  only  an  expansion  of  the  optic  nerve,  and 
which  serves  as  the  screen  \\\)o\\  which  the  real,  inverted  image  of 
the  object  is  thrown  by  the  ciystalliiie  lens. 


4r,4.     Tlie  media  of  the  e.ve.   and   the  forma- 
tion  of  an  image  upon  the  retina. 
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Since  an  object  and  its  image  are  always  at  conjugate  foci,  it 
is  seen  that  if  the  ciystalline  lens  were  rigid,  the  image  would 
fall  exactly  upon  the  retina  only  when  objects  were  at  one  par- 
ticular distance  away,  and  therefore  only  objects  at  this  distance 
would  appear  sharply  defined.  It  is  a  remarkable  fact,  how-ever, 
that  the  eye  has  the  power  of  accommodating  itself  to  different 
distances  hy  changing  the  convexity  of  the  crystalline  lens.  As 
the  object  moves  with  reference  to  the  eye,  the  crystalline  lens 
changes  its  curvature,  and  always  in  such  a  way  as  to  throw  a 
sharp  image  upon  the  retina.  The  convexity  of  the  lens  increases 
as  the  object  approaches  the  eye,  until  the  distance  between  the 
two  is  less  than  the  distance  of  distinct  vision,  wdiich  in  normal 
eyes  is  about  ten  inches.  If  the  object  is  nearer  the  eye  than  this 
distance,  the  image  is  thrown  too  far  Ijack  to  be  sharply  defined, 
and  the  strain  upon  the  eye  which  is  then  felt  is  the  effort  which 
is  being  made  to  change  the  curvature  of  the  crystalline  lens 
sufficiently  to  bring  the  image  upon  the  retina. 

637.  Some  Imperfections  of  the  Eye  and  Their  Correction. 

While  in  normal  eyes  the  crystalline  lens  is  of  the  proper  curva- 
ture to  focus  the  image  of  an  object  sharply  upon  the  membrane 
of  the  retina,  in  near-sighted  eyes  this  lens  is  too  convex,  Fig. 
465,  so  that  the  image  of  the  object  falls  between  the  lens  and 
this  membrane,  thus  producing  an  indistinctness  of  the  image. 


Fig.  465.  In  a  nearsighted  eye  tlii> 
image  is  formed  iu  front  of  the 
retina. 


Fig.  4CG.  The  correction  of  a  near- 
sighted eye  by  a  concave  spec- 
tacle lens. 


From  the  movements  of  the  conjugate  foci,  we  know  that 
as  the  object  moves  towards  the  lens,  the  image  moves  away 
from  it.  Therefore,  in  a  near-sighted  eye,  the  object  must  be 
held  nearer  the  eye  than  the  usual  distance  of  distinct  vision,  in 
order  that  the  image  may  be  thrown  sufficiently  far  back.  A 
near-sighted  eye  can  therefore  be  aided  by  a  concave  spectacle 
lens,  which  causes  a  divergence  of  the  rays  of  light,  Fig.  466, 
thus  enabling  the  crvstalline  lens  to  throw  the  image  far  enough 
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back  to  fall  upon  the  retina.  In  far-sighted  eyes  the  crystalline 
lens  is  too  flat,  Fig.  467,  and  therefore  the  image  is  thrown  far- 
ther back  than  the  rear  of  the  eye.  It  is  accordingly  necessary, 
in  a  far-sighted  eye,  to  employ  a  convex  spectacle  lens,  which  in- 
creases the  convergence  of  the  light.  Fig.  -1:68,  and  therefore  en- 
ables the  image  of  the  object  to  be  sharply  defined  upon  the  ret- 


ina. 


Fig.   467.     In   a   far-si^'hted   eye   tise 
Image  falls  beyond  the  retina. 


Fig.  468.  The  correction  of  a  far- 
sigbted  eye  by  a  convex  spec- 
tacle lens. 


In  many  eyes  the  curvature  of  the  lens  is  greater  in  one  plane 
than  in  a  plane  at  right  angles  to  this,  so  that  light  in  the  first 
plane  is  brought  to  a  focus  nearer  the  lens  than  that  in  the  sec- 
ond. If  the  convexity  in  the  vertical  plane,  for  instance,  is 
greater  than  that  in  the  horizontal  it  follows  that  light  from  ver- 
tical objects  will  be  brought  to  a  focus  nearer  the  lens  than  will 
light  from  horizontal  objects.  Accordingly,  if  horizontal  lines 
are  sharply  defined,  vertical  lines  will  be  indistinct,  since  they 
are  brought  to  a  focus  before  the  retina  is  reached.  This  produces 
a  result  known  as  astigmatism.  To  correct  for  this  defect,  spec- 
tacles w^hich  are  slightly  cylindrical  must  be  used,  the  strongest 
curved  portion  of  the  lens  being  placed  opposite  that  plane  of 
the  eye  where  the  curvature  of  the  crystalline  lens  is  weakest, 
and  vice  versa.  The  more  strongly  convex  portion  of  the  spec- 
tacle corrects  the  more  slightly  curved  portion  of  the  crystalline 
lens,  and  therefore  an  image  sharply  defined  in  all  planes  is 
thrown  upon  the  retina. 

638.  After  Images.  AVlifii  the  image  of  an  object  falls 
upon  the  retina  of  the  eye,  the  nerves  of  this  sensitive  membrane 
are  stimulated,  and  transmit  an  impression  of  the  object  to  the 
brain.  That  this  process  ultimately  produces  a  fatigue  of  the 
retina  may  be  perceived  by  gazing  attentively  for  two  or  three 
minutes  at  a  brightly  illuminated  diagram  or  picture  possessing 
strong  contrast,  such  as  the  heavy  black  lines  upon  the  white 
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page,  shown  in  Fig-.  469,  and  then  closing  the  eyes  or,  better, 
turning  them  at  once  towards  a  white  wall.  In  a  few  moments 
an  effect,  known  as  the  after  image,  will  be  perceived,  which  is, 
indeed  an  image  of  the  object,  but  with  the  w^hite  and  black  por-w 
tions  reversed,  that  is,  the  parts  which  were  black  upon  a  w^hite 
field  now  appear  light  upon  a  dark  field.  Similarly,  if  a  piece  of 
brightly  colored  paper,  lying  upon  a  white  surface,  is  observed 
with  fixed  attention,  and  the  paper  is  then  suddenly  removed,  an 
after  image  Avill  appear  for  an  instant  in  a  color  which  is  compli- 
mentary to  that  of  the  paper  itself.  Thus,  if  red  paper  is  ob- 
served in  this  Avay,  the  after  image  will  appear  green ;  if  yellow 
paper  is  observed,  the  after  image  will  appear  blue,  and  so  on. 

This  shows  that  the  retina  has  become  fatigued  by  the  con- 
stant perception  of  the  object,  and  that  the  effort  made  by  the 
reaction  of  the  nerves  is  to  restore  this  membrane  to  its  normal 
condition. 

639.  Persistence  of  Vision.  While  the  eye  receives  a  sensa- 
tion almost  instantly,  the  impression  so  made  lasts  for  an  appre- 
ciable time,  as  may  be  perceived  when  a  stick  with  a  lighted  coal 
at  the  end  is  whirled  about  the  head  at  night.  The  impression 
made  by  the  coal  in  every  position  persists  until  an  entire  revo- 
lution of  the  stick  has  been  made,  and  the  single  coal  has  the  ap- 
pearance of  being  an  illuminated  ring. 

The  kinetoscope  consists  of  a  series  of  photographs  of  a  moving 
object  w^hich  are  thrown  in  rapid  succession  upon  a  screen.  The 
eye  retains  the  impression  made  by  one  until  the  next  appears, 
and  the  sensation  produced  is  that  of  the  moving  object  itself. 
This  ability  of  the  eye  thus  to  retain  for  some  time  an  impres- 
sion made  upon  it  is  known  as  the  persistence  of  vision. 

640.  Optical  Illusions.  Although  the  eye  is  remarkable  for 
its  range  of  vision  and  ciuickness  of  perception — even  the  form 
of  a  flash  of  lightning  is  distinctly  observed — this  organ  is  not 
always  infallible  in  the  impression  of  an  object  which  it  trans- 
mits to  the  brain.  Thus,  the  rising  full  moon  appears  much  larger 
near  the  horizon  than  higher  in  the  sky,  since  in  its  lower  posi- 
tion we  are  misled  by  our  standards  of  experience,  and  uncon- 
sciously compare  it  with  familiar  objects  at  a  distance  wdiich  are 
Iniown  to  be  of  large  dimensions. 
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vertical  lines  crossed  by  the  short  diago- 
illiistrates  the  false  impression  which  the 


The  series  of  parallel 
nals,  shown  in  Fig.  469, 
eye  may  jrive  of  an 
object  which  it  cor- 
rectly perceives. 
Careful  observation 
will  show  that  the 
short  lines  are 
straight  and  contin- 
uous across  the  ver- 
tical ones,  although 
they  seem  to  be  dis- 
placed upon  the  two 
sides,  the  short  lines 
on  one  side  appear- 
ing to  be  prolonga- 
tions of  the  spaces 
between  these   lines 

071   tViP  nflipv       AFato       ^■^''-  ""'•^-     The  short  diasonal  lines  seem  displacpfl, 
vii   uie  Otnei.      ^UOxC         and    the    vertical    parallel    lines    appear   inclined. 

immediately      obvi- 
ous, however,  is  the  inclined  appearance  of  the  vertical  lines,  al- 
though, in   reality  they   are   strictly   parallel.     This   dece])tion 
is  occasioned,  in  part  at  least,  by  the  involuntary  and  inevitable 


Tig.    470.      liy   an   optica!   illusion,    the   Iiurizontal   parallel    lines   are   anparontlv 

distorted. 

wandering  of  the  eye  to  parts  adjacent  to  those  which  arc  di- 
rectly observed,  so  that  a  bias  is  given  to  the  eye  by  the  inclined 
directions  of  the  shorter  lines.     That  this  is  so  may  be  proved 
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by  obtaining  the  after  image  of  this  diagram  in  the  manner  al- 
ready described,  when  the  vertical  lines  will  appear  indeed  ver- 
tical, without  the  slightest  trace  of  inclination,  thus  showing  that 
the  eye  had  really  received  the  correct  impression,  although  the 
interpretation  which  it  had  placed  upon  this  impression  had  been 
false.  To  a  similar  cause  may  be  attributed  the  apparent  distor- 
tion of  the  two  horizontal  parallel  lines,  shown  in  Fig.  470. 

False  impressions  of  objects  observed,  such  as  these  and  many 
others,  form  a  group  of  phenomena  known  as  optical  illusions. 

641.  The  Visual  Angle,  By  the  visual  angle  is  meant  the 
angle  wdiich  an  object  subtends  at  the  eye,  and  this  varies  in- 
versely as  the  distance,  Fig.  471.  Accordingly,  our  estimate  of 
the  size  of  an  object  is  based  upon  the  visual  angle  which  the  ob- 
ject thus  includes.  It  is  evident  that  a  large  object  wall  subtend 
a  greater  angle  than  a  small  one  wdien  both  are  at  the  same  dis- 
tance from  the  eye.    It  is  also  evident  that  an  object  of  a  given 

size  when  at  one   distance 
will  subtend  a  certain  vis- 
ual angle,  and  that  an  ob- 
ject of  twice    this    size  at 
twice     the     distance     wall 
subtend     only     the     same 
visual    angle.      A    larger 
visual  angle,  and  therefore 
greater    accuracy    in    the 
perception  of  details,  is  obtained  when  the  object  is  held  near 
the  eye,  so  long  as  the  distance  from  the  object  to  the  eye  is  not 
less  than  the  limit  of  distinct  vision. 


Fig.  471.  The  visual  angle  which  an  cb.iect 
subtends  varies  inversely  as  the  dis- 
tance of  the  object  from  the  eye. 


642.  Optical  Instruments— The  Simple  Microscope,  or  Mag- 
nifying Glass.  The  purpose  of  many  optical  instruments  is 
to  increase  the  visual  angle  by  which  the  image  of  an  object  is 
seen.  Thus,  in  the  simple  magnifying  glass,  Fig.  472,  the  g^ass 
is  brought  before  the  object  XY,  so  that  the  latter  is  between  the 
principal  focus  and  tlie  lens,  after  which  it  is  further  adjusted 
so  that  the  virtual,  erect,  and  magnified  image  xy  of  the  object  is 
formed  at  the  distance  of  distinct  vision,  which  is  usually  about 
ten  or  twelve  inches  from  the  eye.    The  magnifying  power  of  the 
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simple  magnifying  glass,  tlierefore,  is  the  ratio  of  the  angle  which 
the  image  at  the  distance  of  distinct  vision  subtends  at  the  eye 
to  the  angle  which  the  object  would  subtend  if  it  were  placed  at 
the  distance  of  distinct 
vision.  That  is,  the  image 
subtends  the  angle  xOy, 
while  the  object  XY,  if  it 
were  at  the  distance  of  dis- 
tinct vision,  and  therefore 
in  the  position  X'  Y^, 
Avould  subtend  the  angle 
X^OY\  Accordingly  the 
ratio  of  the  angle  which 
the  image  subtends  at  the 
eye  to  that  which  the  object 
Avould  subtend  at  the  dis- 
tance of  distinct  vision  is         Fig.  472.   Diagram  of  the  luaguifyinj 

of  the  sinuile  microscope. 


Oy 


Z'  0  Y' 

which  is  the  magnifying  power  of  the  lens.  Inasmuch  as   X'Y' 
equals  XY ,  the  ratio  of  the  above  angles  is  the  same  as  the  ratio 


O  X 


0  X 


and  therefore  very  nearly  equal  to  the  ratio 


O  X 
OF' 


since  the  object  AT  is  brought  between  the  lens  and  the  princi- 
pal focus,  and  very  near  to  the  latter  point.  The  magnifying 
poAver  of  the  simple  microscope,  or  magnifying  glass,  therefore, 
is  practically  the  ratio  of  the  distance  of  distinct  vision  to  the 
focal  length  of  the  lens. 
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643.  The  Compound  Microscope.  In  tlie  compoiiiul  micro- 
scope, Fig.  473,  the  small,  short-focus  lens  AB,  called  the  objec- 
tive, is  brought  near  the  object  XY,  so  that  the  latter  is  just  out- 
side tlie  lyrincipal  focus  F.     Since  the  object  is  just  beyond  the 

principal  focus  and  very 
near  to  it,  a  real,  inverted, 
and  magnified  image  of 
the  object  is  formed  at  xy 
toAvard  the  upper  part  of 
the  tube.  A  second  lens 
CD,  called  the  eye-piece,  is 
now  inserted  above  the  im- 
age, and  this  is  used  as  a 
simple  magnifying  glass 
with  which  to  view  the  im- 
age xy.  That  is,  the  eye- 
piece CD  is  so  adjusted 
tliat  tlie  image  xy  is  just 
witliin  its  principal  focus 
F',  and  therefore  a  virtual, 
erect,  and  magnified  image 
of  this  image  is  formed  at 
x'y'.  The  angle  which  this  image  subtends  at  the  eye  is  x'Oy', 
while  the  angle  which  the  object  subtends  at  the  eye  is  XOY. 
The  ratio  of  these  angles,  that  is, 


Diagram   of  the   compound   mi- 
croscope. 


X  o  y' 

is  the  magnifying  power  of  the  compound  miscroscope. 

An  approximate  estimate  of  the  magnifying  power  of  the  com- 
pound miscroscope  may  be  obtained  by  considering  separately 
the  magnification  produced  by  the  objective  and  that  produced 
by  the  eye-piece.  Since  the  object  XY  on  the  stage  of  the  micro- 
scope is  just  outside  the  principal  focus  of  the  objective,  the  im- 
age which  is  at  the  focus  conjugate  with  this  point,  is  formed  far 
from  the  lens,  towards  the  upper  end  of  the  tube.  The  size  of 
the  image,  therefore,  is  to  the  size  of  the  object  very  nearly  as 
the  length  "of  the  tube  is  to  the  focal  length  of  the  objective.  By 
the  length  of  the  tube  is  here  meant  the  distance  from  the  stage 
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early  to  the  top  of  the  tube.     Accordingly,  the  magnification  due 
to  the  objective  alone  is 

X  y 
X  f 

or,  ver}'  nearly, 

the  length  of  the  tube 


the  focal  length  of  the  objective 

This  image  is  then  viewed  by  the  eye-piece  as  if  it  were  a  real  ob- 
ject, and,  as  we  have  seen  above,  the  magnification  produced  by 
this  lens  is 


-'■  y 

or,  approximately, 

250  millimeters  (which  is  the  distance  of  distinct  vision) 


focal  length  of  the  eye-piece 

From  tliis  it  follows  that  the  magnification  by  the  two  lenses,  or, 
in  other  words,  the  magnifying  power  of  the  compound  micro- 
scope, is 


X    y 


X  y 

which  is  approximately 

250  millimeters  )<  the  length  of  the  tube  in  millimeters 
focal  length  of  the  ol)jective  X  focal  length  of  the  eye-piece 

the  focal  length  of  the  lenses  being  expressed  likewise  in  milli- 
meters. 

644.  The  Astronomical  Telescope.  In  the  astronomical  tele- 
scope, Fig.  474,  parallel  rays  of  light  from  the  distant  object 
fall  upon  the  object  glass  AB  of  the  telescope,  and  are  brought 
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to  a  focus  at  the  principal  focus.  A  simple  magnifying  glass,  or 
eye-piece,  CD,  is  then  adjusted  before  the  image  xy,  so  that  the 
distance  of  the  image  from  the  lens  is  just  a  little  less  than  the 
principal  focal  length  of  this  lens.  A  virtual,  erect,  and  magni- 
fied image  x^y'  of  the  image  xy  is  produced,  and  this  viewed  by 
by  the  eye  at  E. 

The  magnifying  power  of  the  telescope  may  best  be  obtained 
by  comparing  the  visual  angles  which  the  image  and  the  object 
subtend  at  the  eye.  In  determining  the  visual  angle  which  the 
object  thus  subtends,  we  shall  neglect  the  length  of  the  telescope 
itself,  as  being  vanishingly    small  in    comparison  Avith  the  dis- 


Diagram  of  the  astronomical  telescope. 


tance  of  the  object.  In  other  Avords,  we  shall  asume  that  the 
visual  angle  which  the  object  subtends  at  the  object  glass  is  the 
same  as  that  which  it  subtends  at  the  eye-piece.  The  object  sub- 
tends the  angle  XOY,  or  6,  and  this  is  the  same  as  the  angle  xOy. 
Moreover,  the  image  xy  is  situated  at  the  principal  focal  dis- 
tance, Oy,  or  /,  from  the  objective  AB.  The  image  subtends  the 
angle  xO'y,  or  0',  at  the  eye,  and  is  situated  at  the  distance 
O'y,  which  is  nearly  the  principal  focal  length  /''  of  the  eye- 
piece CD.  xy  therefore  subtends  the  angle  6  in  the  triangle 
xOy,  and  the  angle  9'  in  the  triangle  xO'y.  By  regarding  xy  in 
each  case  as  an  arc  subtending  these  angles  respectively,  we  have 
(p.  48) 


xy  —  fe, 


and 
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or 


from  which 


fd=   f'6' 


0'  f  focal  length  of  the  objective 

0  f         focal  length  of  the  eye -piece 

In  other  Avords,  the  magnifying  power  of  the  telescope  is  practi- 
cally the  ratio  of  the  focal  length  of  the  objective  to  the  focal 
length  of  the  eye-piece. 


CHAPTER  LV 


THE  SPECTEUM. 


645.  The  Production  of  the  Spectrum.  AYhen  a  narroAv 
beam  of  white  light  passes  through  a  prism  and  falls  upon  a 
screen,  the  resulting  light  is  not  white,  but  is  resolved  into  a 
broad  band  of  color.  Fig.  475,  known  as  the  vspeetruni.  While  in 
realitj'  an  infinite  number  of  colors  compose  this  spectrum,  and 
while  one  shades  impre- 
ccptibly  into  the  next, 
there  are  seven  principal 
colors  which  may  roughly 
be  taken  as  representing 
the  spectrum,  namely,  vio- 
let, indigo,  blue,  green,  yel- 
low, orange  and  red.  From 
this     we     conclude     that 

white  light  is  not  homogeneous,  but  a  mixture,  being  made  up 
of  lights  of  a  great  many  different  colors.  It  is  to  be  observed 
that  the  colors  occur  in  the  order  given  above,  and  that  the  vio- 
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let  is  deviated  most  by  the  prism,  while  the  red  is  deviated  least. 
We  must  infer,  therefore,  that  a  prism  does  not  act  equally  upon 
lights  of  different  colors,  but  that  it  refracts  or  bends  violet  light 
more  than  it  does  red.  This  indicates  that  in  passing  through 
the  prism*,  violet  light  is  retarded  more  than  red  light,  and  con- 
sequently is  deviated  more  widely  than  red  from  its  original  di- 
rection. The  index  of  refraction  of  the  glass  of  which  the  prism 
is  made  is  thus  seen  to  be  slightly  different  for  different  colors, 
being  greater  for  blue  light  than  for  red. 

This  brcaldng  up  of  a  beam  of  white  light  into  the  various  col- 
ored lights  of  which  it  is  composed,  due  to  the  unequal  refrangi- 
bility  of  lights  of  different  colors,  is  known  as  dispersion.  The 
amount  of  dispersion  depends,  therefore,  upon  the  difference  be- 
tween the  angles  of  deviation  for  violet  and  for  red  light.  It  is 
more  usual,  however,  to  speak  of  the  dispersive  power  of  a  prism 
as  the  ratio  of  this  difference  between  the  deviations  produced  for 
violet  and  for  red  light  to  the  mean  deviation  of  the  spectrum 
itself.  Thus,  if  d'  represents  the  angle  of  deviation  of  the  violet 
light  and  cZ"  this  angle  for  red,  while  d  is  the  deviation  of  light 
from  the  middle  part  of  the  spectrum,  then  the  dispersive  power 
of  the  prism  becomes. 

d'  —  d'' 


646.  The  Recomposition  of  Light.  The  fact  that  white  light 
is  composite  may  be  shown  by  uniting  again  into  one  beam  the 
various  colored  lights  produced  by  the  dispersion  of  white  light. 
If  a  second  prism  exactly  similar  to  the  first  is  placed  near  this 
one  with  its  refracting  edge  turned  in  the  opposite  direction.  Fig. 
476,  the  rays  which  undergo  the  greatest  deviation  by  the  first 
prism  will  likewise  be  most  strongly  refracted  by  the  second,  and 
those  which  are  deviated  least  by  the  first  will  be  refracted  least 
by  the  second.  Moreover,  the  bending  of  the  various  colored 
lights  in  the  second  prism  will  be  just  as  great  as  in  the  first, 
and  the  deviations  which  are  produced  are  then  not  only  equal, 
but  are  also  opposite  in  directon.  Accordingly,  the  second  prism 
recombines  the  colored  lights  produced  by  the  dispersion  of  the 
first,  so  that  the  two  together  produce  simply  the  effect  of  a 
thick  plate,  and  a  spot  of  white  light  appears  upon  the  screen. 
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The  reeomposition  of  light  may  likewise  be  effected  by  allow- 
ing the  colored  band  of  light  to  fall  upon  a  lens.  Since  the  lens 
brings  the  various  colored  lights  all  to  one  focus,  the  different 
colors  are  here  superposed,  and  the  resulting  spot  of  light  is 
white.  In  still  another  way  it  may  be  shown  that  white  light 
is  formed  by  the  mixture  of  several  lights.  If  a  disc  is  painted 
with  the  colors  of  the  spec- 
trum and  rapidly  rotated, 
the  impression  formed  by 
each  color  will  persist  for 
some  time  upon  the  eye. 
The    eye,    therefore,    will 

'       .  .  n      n        l'^'^-    '^~^'-      '^'^6    n^coiiinositiou    of    light    by 

have  the  impression  oi  all  two  prisms. 

the  colors  combined,   that 

is,  the  various  individual  colors  will  disappear  entirel}',  and  the 

disc  Avill  then  have  the  appearance  of  a  dull  white,  or  gray. 

647.  The  Character  of  the  Spectrum.  In  order  that  a  spec- 
trum may  be  observed  to  the  best  advantage,  care  must  be  taken, 
to  have  the  various  colors  sufficiently  separated  so  that,  as  nearly 
as  possible,  each  may  occupy  a  position  by  itself  in  the  resulting 
colored  band.  Each  color  must  then  illuminate  only  an  extremely 
narrow  portion  of  the  screen  upon  w^hich  the  spectrum  falls,  for 
otherwise  an  overlapping  of  different  colors  would  be  produced. 
This  may  be  accomplished  by  using  a  prism  of  high  dispersive 
power,  and  by  providing  an  exceedingly  narrow  opening  through 
which  light  is  admitted  to  the  prism,  the  image  of  this  opening 
then  being  focused  upon  the  screen. 

Since  lights  of  different  colors  are  refracted  by  the  prism  at 
different  angles,  it  follows  that  a  distinct  image  of  the  narrow 
opening  will  be  produced  for  each  color  that  is  present  in  the 
original  light.  Therefore,  if  the  source  of  light  is  one  which  con- 
tains a  few  colors  onl}',  a  limited  number  of  images  of  the  open- 
ing will  be  produced  in  the  spectrum.  If,  however,  the  narrow 
opening,  or  the  slit,  as  it  is  commonly  called,  is  illuminated  by 
white  light,  w^hich  is  composed  of  an  infinite  number  of  colors, 
then  an  infinite  number  of  lines  of  light,  or  images  of  the  slit, 
are  arranged  side  by  side  in  the  spectrum,  each  overlapping  the 
one  adjacent  by  an  amount  which  decreases  in  proportion  as  the 
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slit  becomes  narrower.  Moreover,  since  the  spectrum  of  white 
light  thus  consists  of  an  infinite  number  of  partially  overlapping 
images  of  the  soui'ce  of  light,  it  is  obvious  that  one  color  must 
shade  imperceptibly  into  the  next,  so  that  the  spectrum  of  white 
light  is  continuous,  that  is,  it  is  without  vacancies  or  gaps,  from 
one  extremity  to  the  other. 

That  the  spectrum  does  indeed  consist  of  an  image  of  the 
source  of  liglit  for  eacli  color  that  is  present,  may  be  shown  by 
using  openings  of  different  shapes,  such  as  a  ring-shaped  opening, 
a  V-shaped  opening,  an  S-shaped  opening,  and  so  on.  If,  then, 
each  of  these  openings  is  illuminated  in  turn  by  red  light,  oi* 
yellow  light,  or  blue  light,  a  distinct  image  of  this  opening  will 
be  produced  in  the  particular  color  of  the  light  employed ;  but 
if  white  light  instead  of  colored  light  is  used,  a  continuous  spec- 
trum wall  be  formed,  the  shape  of  the  spectrum,  in  each  case,  be- 
ing exactly  the  same  as  that  of  the  opening. 

Accordingly,  in  the  study  of  the  spectrum  a  narrow  slit,  Avhieh 
admits  but  a  line  of  light,  is  used  as  the  source.  The  various  lines 
of  colored  light  which  are  then  found  in  the  spectrum  show  the 
component  colors  that  are  present  in  the  original  light,  and  the 
spectrum  formed  in  this  way  is  said  to  be  pure. 

648.  Color  and  Wave  Length.  It  has  already  been  sug- 
gested, and  will  be  confirmed  later,  that  light  is  a  phenomenon  of 
the  vibration  of  the  ether,  and  that  it  is  propagated  through  this 
medium  with  wave  motion.  When,  therefore,  'light  is  dispersed 
by  a  prism  into  its  component  colors,  we  are  forced  to  conclude 
•that  white  light  is  composed  of  ether  waves  of  many  diiferent 
lengths,  and  that  certain  of  these  waves  travel  through  the  prism 
jnore  slowly  than  others,  the  blue  which  is  refracted  most  being 
in  this  way  retarded  more  than  the  red  which  is  refracted  least. 
Later  it  will  be  shown  (p.  869)  that  the  wave  length  of  blue 
light  is  only  about  half  as  great  as  that  of  red,  so  that  this  retard- 
ation, in  general,  is  greater  for  the  shorter  Avave  lengths.  Since 
the  ether  waves  which  constitute  the  various  colored  lights  are 
of  different  lengths,  it  follows  that  the  vibration  frequency  of  one 
color  is  different  from  that  of  another,  the  light  in  the  extreme 
violet  making  about  twice  as  many  vibrations  in  a  given  time  as 
that  in  the  farthest  red. 
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Some  idea  of  the  enormous  number  of  vibrations  per  second 
made  by  waves  of  light  may  be  obtained  by  estimating  the  time 
required  of  a  tuning  fork  to  complete  a  number  of  vibrations 
equally  great.  If  we  imagine  a  tuning  fork  which  makes  1,000 
vibrations  per  second  to  vibrate  continuously  day  and  night,  it 
IS  found  that  before  the  fork  would  complete  as  many  vibrations 
all  told  as  break  upon  the  retina  of  the  eye  in  a  single  second  of 
time  from  red  light,  an  interval  would  have  to  elapse  equal 
to  12,000  years,  Avhile  in  the  same  time  the  blue  light  makes  a 
number  of  vibrations  twice  as  great  as  the  red.  The  matter  of 
color,  therefore  is  purely  physiological.  The  human  eye  is  so  con- 
stituted that  ether  vibrations  of  a  certain  rate  impress  our  eye 
with  the  sensation  of  red,  Avhile  vibrations  of  a  more  rapid  ra*te 
affect  our  eye  with  a  color  lying  towards  the  violet  end  of  the 
spectrum.  Just  as  the  car  recognizes  two  notes  of  different  pitch 
when  these  send  out  different  numbers  of  aerial  vibrations,  so 
the  eye  recognizes  two  lights  of  different  colors  according  to  the 
number  of  ether  vibrations  which  fall  upon  the  retina  in  a  sec- 
ond of  time. 

649.  The  Regions  of  the   Ultra- Violet   and    the   Infra-Red. 

In  this  connection,  the  remarkable  fact  is  to  be  noted  that  what 
we  actually  see  of  the  spectrum  does  not  represent  all  of  the  con- 
stituent parts  of  which  white  light  is  composed.  If  a  photograph- 
ic plate  is  exposed  to  different  portions  of  the  spectrum,  it  will 
be  found  that  but  little  effect  will  be  produced  in  the  red  and 
orange,  but  that  the  plate  will  be  acted  upon  more  and  more 
strongly  as  the  violet  is  approached,  while  it  will  be  affected 
most  violently  entirely  beyond  the  visible  spectrum,  in  the  region 
known  as  the  ultra-violet.  Moreover,  if  a  delicate  thermometer 
is  carried  throughout  the  spectrum,  this  instrument  will  indicate 
little  or  no  heat  in  the  region  towards  the  violet,  but  will  show  a 
perceptible  rise  of  temperature  in  the  orange  and  the  red.  As 
it  is  now  carried  out  beyond  the  visible  spectrum  into  the  region 
known  as  the  infra-red,  the  temperature  will  be  found  to  rise, 
thus  showing  that,  in  tliis  direction  also,  energy  in  the  form  of 
wave  motion  exists,  far  out,  indeed,  beyond  the  limits  within 
Avhich  the  human  eye  is  sensitive. 

From  this  we  are  forced  to  conclude  that  our  eye  can  detect 
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but  a  small  portion  of  the  spectrum,  and  that  vibrations  exist 
which  are  too  rapid,  as  well  as  those  which  are  too  slow,  to  affect 
this  organ  with  the  sensation  of  light.  The  range  of  the  eye, 
therefore,  is  really  very  limited,  being  confined  practically  to  a 
visual  octave,  while  it  is  entirely  insensible  to  ether  vibrations 
of  a  period  either  slower  or  more  rapid  than  those  contained 
within  this  narroAV  compass. 

It  is  important,  therefore,  to  remember  that  the  spectrum  con- 
sists not  only  of  the  visible  portion,  but  also  of  the  part  lying  in 
the  ultra-violet  as  well  as  that  in  the  infra-red.  Since  photogra- 
phic action  is  brought  about  chiefly  by  the  ultra-violet  rays,  this 
end  of  the  spectrum  is  sometimes  known  as  the  chemical,  or  ac- 
tinic, portion,  while  the  part  lying  beyond  the  red,  because  of 
the  strong  thermal  radiation  there  present,  is  not  infrequently 
called  the  domain  of  radiant  heat.  The  larger  part  of  the  energy 
in  the  spectrum  lies  in  the  infra-red,  less  than  one-third  in  the 
ease  of  sunlight,  and  from  3  to  5  percent  in  the  case  of  gas  and 
incandescent  light,  being  found  in  the  visible  portion,  while  only 
an  infinitesimal  amount  exists  in  the  ultra-violet.  The  distribu- 
tion of  this  energy,  however,  is  continuous,  showing  that  vibra- 
tions of  all  possible  periods  are  sent  out  by  a  source  of  white 
light,  and  therefore  that  the  ultra-violet,  the  visible,  and  the 
infra-red  portions  of  the  spectrum  are  precisely  alike  in  nature, 
that  is,  they  consist  of  waves  in  the  ether  which  differ  from  one 
another  only  as  regards  wave  length.  It  follows,  accordingly, 
that  radiant  heat  consists  of  ether  vibrations  of  the  same  char- 
acter as  those  which  constitute  visible  light,  the  difference  be- 
tween the  two  being  simply  one  of  wave  length  or  period. 

650.  The  Rainbow.  By  far  the  grandest  and  most  beauti- 
ful example  of  the  refraction  and  dispersion  of  light  is  that 
which  Nature  herself  furnishes  in  the  rainbow.  If  the  observer 
stands  with  his  back  to  the  sun  and  looks  upon  the  falling  rain, 
the  magnificient  phenomenon  observed  is  the  result  of  the  dis- 
persion produced  by  the  refraction  of  the  sun's  light  in  the  fall- 
ing drops  of  rain.  The  red  of  the  spectrum  is  observed  to  be  up- 
on the  outside  of  the  bow,  and  the  blue  upon  the  inside,  while 
the  center  of  the  boAV  is  on  the  line  drawn  from  the  sun  through 
the  observer 's  eye.  Careful  measurements  show  that  the  angular 
distance  of  the  bow  from  this  latter  line  is  about  42°. 


THE  FORMATION  OF  THE  RAINBOW.  821 

The  theory  of  the  rainbow,  and  the  refraction,  reflection,  and 
dispersion  of  the  sun's  light  within  the  raindrop  may  be  ex- 
plained as  follows :  Let  the  circle.  Fig.  477,  represent  a  section 
of  the  raindrop,  and  let  ;S^/  be  a  ray  of  light  from  the  sun  falling 
upon  the  drop.  This  light  undergoes  refraction  according  to  the 
well-known  law ;  and  since  blue  light  is  deviated  more  than  red, 
the  Avhite  light  from  the  sun  is  dispersed,  the  red  light  passing  in 
the  direction  I  A,  and  the  violet  light  in  the  direction  IB.  At  the 
points  A  and  B  at  the  rear  of  the  drop  these  rays  undergo  reflec- 
tion, and  pass  in  q 
the     direction     AC  ^"""-----.^.^^^^^^^ 

and  BD  respective-                                      - — ^ — -\  ^ 

ly.      At  the   points                                         /I    ^^^^^A    ,,'' 
C  and  D    they    are                                        I           y/p'' 
again  refracted,  and  ^^/^ly" " 

emerge     from     the  __— — ■ y^ 

\j — ■ —  y  ^ 

drop   in  the    direc-  y^ 

tions  CR  and    DY.  y^ 

Since    in    this    case  p  y 

the   refraction   takes        ^jg     477       rpj,g    refraction,    internal    reflection,,    and 
■nla^o         -fvnm  +TiP  dispersion   of  light  in  a   drop  of   rain,* forming 

piace         II  om         ine  |.i,g  rainbow, 

denser  to  the  rarer 

medium,  the  dispersion  which  was  produced  at  1  by  the  first  rc^ 

fraction,  is  here  increased  at  C  and  D  by  the  second. 

The  white  light  from  the  sun  has  therefore  undergone  two  re- 
fractions and  one  internal  reflection,  and  passes  out  of  the  drop 
dispersed,  or  spread  out  into  the  spectrum,  of  which  Y  represents 
the  extreme  violet  and  U  the  extreme  red,  the  remaining  spectral 
colors  taking  intermediate  positions.  If  the  eye  were  stationed  at 
the  pointT^,  it  would  receive  the  violet  DY ,  and  the  observer 
would  perceive  violet  light  in  the  direction  Yv.  If,  however,  the 
eye  were  at  7?,  it  would  receive  the  red  ray  CK,  and  the  observer 
would  perceive  red  light  in  the  direction  i?r. 

In  order,  therefore,  that  the  observer  may  see  both  the  red  and 
the  violet  rays  at  the  same  time,  there  must  be  two  raindrops, 
rig.  478,  in  each  of  which  this  same  process  of  refraction,  reflec- 
tion, and  dispersion  takes  place.  Moreover,  these  two  drops  must 
be  so  situated  with  reference  to  each  other  that  the  less  refracted 
red  ray  C'/?'  from  the  outermost  drop  will  meet  at  the  eye  the 
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more  strongly  refracted  violet  ray  DV  from  the  innermost  drop. 
The  intermediate  colors  of  the  rainbow  will  then  be  sent  to  the 
eye  by  drops  occupying  positions  Ij'ing  between  these  two.  Since 
the  eye  always  locates  an  object  in  the  direction  of  the  rays  of 
light  which  enter  it,  the  eye  at  E  sees  this  spectrum  as  if  it  were 
actually  in  the  position  vr  in  the  sky. 

The  refractions  and  the  reflections  within  the  raindrop  take 
place  according  to  perfectly  definite  laws,  and  hence  the  emerg- 
ent rays  make  perfectly  definite  angles  with  the  incident  ray. 
This  angle,  for  the  case  of  the  red  light  of  the  rainbow,  is  about 

42°.  Moreover, 

since  everything  is 
symmetrical  about 
the  line  SS'', 
drawn  from  the 
sun  through  the 
eye,  and  since  in 
every  plane 

through    this    line 
raindrops         exist 
bearing  to  one  an- 
other  and   to   the 
eye  the  same  rela- 
tion as  those  here 
described,    it    fol- 
lows that,  in  every 
plane  through  the 
the  line  88^'  and  at  an  angle  of  42°  from  it,  red  light  will  enter 
the  eye,  and  at  angles  slightly  less  than  this  other  colored  lights 
Avill  also  enter  the  eye. 

In  other  words,  if  we  imagine  the  eye  as  the  vertex  of  a  cone 
described  about  the  line  88^^  as  an  axis,  the  elements  of  the  cone 
making  an  angle  of  42°  with  this  line.  Fig.  479,  the  drops  of  rain 
which  at  any  instant  are  found  upon  the  surface  of  this  cone  will 
disperse  the  white  light  from  the  sun  and  will  send  red  light  to 
the  eye.  Moreover,  upon  the  surface  of  a  cone  of  slightly  smaller 
angle,  drops  of  rain  will  be  found  which  bear  the  same  relation 
to  the  drops  on  the  outer  cone  that  the  lower  drop,  shown  in  Fig. 
478,  bears  to  the  upper  one,  and  these  drops  will  then  send  violet 


.-'V 


Fig.   478 


The   relative   positions   of   two   drops   of  rain 
which  send  red  and  violet  light  to  the  eye. 
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light  to  the  eye.  Since  wc  always  perceive  an  object  in  the  direc- 
tion of  the  rays  of  light  which  enter  the  eye,  the  eye  projects 
these  rays  against  the  background  of  the  sky;  and  as  the  drops 
which  thus  send  these  rays  to  the  eye  are  found  upon  the  surface 
of  a  cone,  and  as  the  projection  of  this  conical  surface  is  a  circle, 
the  band  of  color  which  is  then  seen  in  the  sky  is  circular  in  form, 
and  the  rainbow  is  therefore  circular. 

Furthermore,  since  these 
particular  drops  send  the 
rays  here  designated  to  the 
eye  of  one  observer,  other 
drops  upon  the  surface  of 
another  cone  will  send  cor- 
responding rays  to  the  eye 
of  another  observer,  so  that 
the  two  observers  will  see 
different  boAvs.  The  rain- 
bow, therefore,  is  not  a 
fixed  object  in  the  sky  to  be 
observed  as  a  material 
thing,  but  is  a  subjective 
phenomenon  which  must  be 
formed  by  each  eye  for  it- 
self, inasmuch  as  each  eye 
that  sees  a  rainljow  must  be 

at  the  vertex  of  a  cone,  upon  the  surface  of  which  lie  the  particu- 
lar drops  of  rain  that  form  this  bow. 

The  description  given  above  applies  only  to  the  primary  bow. 
It  is  often  possible,  however,  to  see,  outside  of  the  primary  bow, 
also  a  fainter,  or  secondary,  bow.  with  colors  in  the  reverse  order, 
and  at  an  angle  of  51°  from  the  line  drawn  from  the  sun  through 
the  eye.  This  bow  is  produced  by  rays  from  the  sun  which  are 
incident  upon  the  drop  at  a  different  point  from  those  which  give 
rise  to  the  primary  bow,  and  Avhich  undergo  two  refractions  and 
two  internal  reflections  within  the  drop.  The  path  of  the  rays  of 
light  forming  the  secondary  bow  may  also  be  readily  followed, 
Fig.  480.  The  ray  of  sunlight,  ST,  which  is  incident  upon  the 
drop  at  /,  is  refracted,  the  red  light  I A  being  deviated  less  than 
the  violet  light  IB.     At  A  and  B  these  rays  are  reflected  upon  the 


Fig.  470. 


Eye 

Diagram  exiilaining  the  circular 
form  of  the  raiubow. 
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smooth  interior  surface  of  the  drop,  and  at  C  and  D  they  again 
undergo  reflection.  At  E  and  F  they  are  refracted  a  second  time, 
and  pass  out  of  the  drop  in  the  direction  ER  and  FV,  the  origi- 
nal dispersion  produced  at  /  being 
increased  by  the  second  refraction  at 
E  and  F. 

In  the  formation  of  the  secondary 
bow,  the  light  undergoes  one  more 
internal  reflection  than  in  the  pri- 
the'  secondary '"bow.""  "'  mary  boAV,  and  Consequently  the 
colors  are  fainter.  Morever,  since 
the  light  is  incident  at  the  lower  part  of  the  drop  in  the  secondary 
bow,  and  in  the  upper  part  of  the  drop  in  the  primary  bow,  the 
refraction  in  the  two  cases  takes  place  in  opposite  directions, 
hence  the  colors  in  the  secondary  bow  are  in  the  reverse  order 
of  those  in  the  primary  bow,  as  may  be  seen  at  once  by  an  ex- 
amination of  the  diagram. 

651.  Dispersion  Without  Deviation— The  Direct-Vision 
Prism.  In  discussing  the  separation  of  the  various  colors  pro- 
duced by  the  refraction  of  light,  it  is  necessary  to  answer  the 
question  as  to  whether  dispersion  is  dependent  upon  refraction 
and  proportional  to  it,  or  whether  the  dispersion  of  a  prism  de- 
pends upon  the  material  of  which  the  refracting  substance  is 
made. 

This  question  may  be  answered  experimentally  by  providing 
three  prisms,  one  of  flint  glass,  one  of  crown  glass,  and  a  hollow 
prism  filled  with  water,  all  having  equal  refracting  angles.  Upon 
:sending  a  ray  of  light  through  each  of  these  prisms,  it  will  be 
■seen  that  the  flint  glass  prism  produces  the  greatest  deviation  of 
the  light,  the  crown  glass  prism  nearly  l)ut  not  quite  S3  much, 
and  the  water  prism  least  of  all.  Furthermore,  it  will  be  seen 
that  the  spectrum  produced  by  the  flint  glass  prism  is  about  twice 
as  long  as  that  developed  by  the  crown  glass  prism,  while  the  lat- 
ter is  much  longer,  than  the  one  yielded  by  the  water  prism.  From 
this  it  is  obvious  that  the  dispersion  is  not  proportional  to  the 
deviation  of  the  light,  but  that  it  does  depend  upon  the  material 
of  which  the  refracting  substance  is  made. 

This  disproportionality,  which  always  exists  between  refrac- 
ti9n  and  dispersion,  is  known  as  the  irratioiialitu  of  dispersion. 
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In  order  that  a  flint  glass  prism  may  produce  the  same  angular 
deviation  for  the  middle  of  the  spectrum  (the  yellow  light)  as  a 
crown  glass  prism  of  60°,  the  flint  glass  prism  must  be  only  52°. 
While,  therefore,  the  actual  deviation  for  the  middle  of  the  spec- 
trum produced  by  a  flint  glass  prism  of  52°  is  equal  to  that 
formed  by  a  crown  glass  prism  of  60°,  the  length  of  the  spectrin 
produced  by  the  flint  glass  prism  is  nearly  double  that  of  the 
spectrum  developed  by  the  crown  glass  prism.  Accordingly,  if  a 
flint  glass  prism  of  52°  and  a  crown  glass  prism  of  60°  are 
placed  together  with  their  refracting  edges  tui'iied  in  opposite 
directions.  Fig.  481,  the 
bending  of  the  yellow  light 
produced  by  the  flint  glass 
prism  in  one  direction  will 
be  just  corrected  by  the  de- 
viation  produced    by   the 

1  .  "•       ,1  EiG.     4S1.       Diagram     of    tlie    direct-vision 

crown   glass  prism   in  the  prism. 

opposite  direction,  and,  as 

a  result,  the  light  in  the   middle   of   the    spectrum  (the  j'ellow 

light)  will  pass  through  undeviated. 

While,  however,  the  deviation  is  thus  compensated,  flie  color  is 
not  removed,  since  the  spectrum  produced  by  the  Hint  glass  prism 
is  nearly  twice  as  long  as  that  yielded  hy  the  crown  glass  prism. 
In  other  words,  the  dispersion  of  the  52°  flint  glass  prism  is  only 
about  half  removed  by  the  feebler  dispersion  in  the  opposite  di- 
rection of  the  60°  crown  glass  prism,  and  therefore  a  spectrum 
will  be  formed  the  length  of  which  is  the  difference  between  the 
lengths  of  these  two.  ]Moreover,  the  colors  Avill  appear  in  the  or- 
der in  which  they  would  be  formed  by  the  flint  glass  prism  alone, 
so  that  it  is  the  Hint  glass  prism  which  determines  the  ai-rangc- 
ment  of  the  colors  in  the  resulting  spectrum. 

By  thus  combining  tAvo  prisms  of  unequal  refractive  and  dis- 
persive powers,  it  is  possible  to  compensate  for  the  angular  devi- 
ation produced  by  refraction,  and  therefore  to  bring  about  dis- 
persion ivitliout  deviation.  The  combination  is  often  of  the 
greatest  service,  and  forms  what  is  known  as  the  direct-vision 
prism. 

652.  Deviation  without  Dispersion — Achromatism.  Hecause 
of  the  irrationality  of  dispersion,  it  is  i)ossible,  alsa,  by  combin- 
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ing  two  prisms  of  different  refracting  angles  and  different  ma- 
terials, to  produce  a  deviation  of  the  ray  without  dispersion.  Ex- 
periment proves  that  a  flint  glass  prism  of  only  30°  will  produce 
a  spectrum  of  the  same  length  as  a  crown  glass  prism  of  60^,  al- 
though the  deviation  will  be  much  greater  in  the  latter  case  than 
m  the  former.  Therefore,  if  a  flint  glass  prism  of  30°  and  a 
crown  glass  prism  of  60°  are  placed  with  their  refracting  edges 
turned  in  opposite  directions,  Fig.  482,  the  dispersion  which  the 
flint  glass  prism  causes  is  just  removed  by  the  equal  dispersion 
in  the  opposite  direction  which  the  crown  glass  prism  produces, 
and  the  resulting  beam  of  light  is  colorless.  The  actual  bending 
of  the  light,  however,  brought  about  by  the  30°  flint  glass 
prism,  is  less  than  that  produced  in  the  opposite  direction  by  the 
larger-angled  crown  glass  prism,  and  hence  the  resulting  beam  of 
light,  although  colorless,  is  deviated,  the  bending  taking  place 
toAvards  the  thicker  portion  of  the  crown  glass  prism.  This  devi- 
ation is  therefore  less  than  that  which  would  have  been  produced 

by  the  crown  glass  prism 
alone,  and  indeed,  is  equal 
to  the  difference  between 
the  deviation  caused  by  the 
crown  glass  prism  and  the 
■pj^j^-j^  slighter    deviation    in  the 

Fig.  4S2.  Diagram  of  the  achromatic  prism  OppOsitC  direction  pro- 
duced by  the  smaller- 
angled  flint  glass  prism.  Such  a  combination  of  two  prisms,  pro- 
ducing a  deviation  of  the  my  witliout  dispersion,  is  known  as  the 
acliromatic  prism. 

653.  Chromatic  Aberration.  From  the  fact  that  the  angle 
of  deviation  for  violet  light  is  greater  than  that  for  red,  it  is 
evident  that  when  white  light  passes  through  a  single  lens,  the 
violet  rays  will  be  brought  to  a  focus  nearer  the  lens  than  will 
those  from  the  red  end  of  the  spectrum,  while  lights  of  interme- 
diate colors  Avill  be  brought  to  foci  at  intermediate  positions. 
Therefore,  on  account  of  the  unequal  ref rangibility  of  the  differ- 
ent colored  lights,  a  single  lens  cannot  give  a  colorless,  and  there- 
fore a  distinct,  image,  inasmuch  as  lights  of  different  colors  are 
brought  to  foci  at  different  distances  from  the  lens.  Fig.  -183. 
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Fig.  4S3.     The  cause  of  the  chi'omatic  aber- 
ration produceil  by  a  single  lens. 


If  the  screen  upon  Avliich  the  image  falls  is  placed  at  V,  which  is 
the  focus  for  the  violet  light,  there  will  be  seen  a  bluish  image 
surrounded  by  an  indistinct  red  border.  So,  also,  if  the  screen 
is  placed  at  R,  the  focus  for 
the  red  rays,  there  will  be 
.  formed  a  reddish  center  sur- 
rounded by  a  blue  border. 
This  coloration  of  the  image 
and  the  confusion  and  indis- 
tinctness thus  produced,  due 
to  the  fact  that  the  differ- 
ently colored  rays  come  to 
foci  at  different  distances 
from  the  lens,    is  known  as 

chromatic  aberration.     It  is  obvious   that   chromatic  aberration 
cannot  be  avoided  by  the  use  of  a  single  lens. 

654.  The  Achromatic  Lens.  It  is  possible,  hovvever,  by  co.ii- 
bining  two  lenses  of  different  refractive  and  also  of  different  dis- 
persive powers,  so  completely  to  remove  the  dispersion,  that  the 
resulting  image  will  be  almost  colorless.  Since  the  dispersion  of 
flint  glass  is  nearly  twice  as  great  as  that  of  crown  glass  for  the 
same  amount  of  refraction,  a  crown  glass  lens  of  a  certain  focal 
length  and  a  flint  glass  lens  of  a  curvature  half  as  great,    and 

therefore  of  twice  this  focal  length, 
would  produce  equal  amounts  of  disper- 
sion, or  equal  chromatic  aberration. 
Therefore,  if  a  convex  crown  glass  lens 
of  a  certain  focal  length,  Fig.  484.  is 
combined  with  a  concave  flint  glass  lens 
of  twice  this  focal  length,  the  chromatic 
aberration  will  be  removed,  while  the 
focal  length  of  the  combination  will  be 
greater  than  the  focal  length  of  the 
crown  glass  lens  alone.  Such  a  combi- 
nation of  lenses  Avhich  produces  an  im- 
age practically  fi-ee  from  color  is  known  as  an  achromatic  lens. 
The  principle  of  combining  tAvo  lenses  to  remove  the  chromatic 
aberration  which  is  inevitable  in  the  use  of  a  single  lens,  Avas  first 


484. 


The   achromatic 
lens. 
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discovered  by  Hall  in  1733.  This  great  discovery,  however,  seems 
to  have  remained  unnoticed  for  a  number  of  years,  and  the  prin- 
ciple was  rediscovered  in  1757  by  Dolland,  who  is  commonly  re- 
garded as  the  originator  of  the  achromatic  lens.  The  ability  thus 
to  produce  an  image  free  from  color  has  made  possible  research 
and  discovery  in  all  branches  of  science, 

655.  The  Different  Types  of  Spectra,  An  examination  of 
spectra  shows  that  all  may  be  divided  into  three  classes :  namely, 
continuous  spectra,  discontinuous,  or  emission,  or  bright-line, 
spectra,  and  dark-line,  or  reserved,  or  absorption,  spectra.  These 
three  classes  will  be  studied  in  order. 

656.  Continuous  Spectra.  When  white  light  from  a  nar- 
row slit  passes  thi-ough  a  prism  and  falls  upon  a  screen,  we 
have  seen  that  it  is  dispersed  by  the  prism  into  a  band  of  color 
called  the  spectrum.  We  have  observed,  moreover,  that  this  spec- 
trum is  perfectly  continuous  from  end  to  end,  since  every  pos- 
sible Avave  length  exists  in  the  white  light,  and  each  wave  length 
casts  upon  the  screen  an  image  of  the  slit  in  the  color  correspond- 
ing to  that  Avave  length.  The  spectrum  produced  by  white  light 
is  therefore  perfectly  continuous,  since  all  possible  wave  lengths 
are  present.  This,  then,  is  the  spectrum  emitted  by  a  solid  or  a 
liquid  which  is  heated  to  incandescence,  and  may  be  seen  to  the 
best  advantage  by  dispersing  the  light  emitted  from  the  white 
hot  crater  of  the  electric  arc. 

657.  The  Cause  of  the  Continuous  Spectrum.  When  the 
properties  of  a  heated  body  are  investigated,  the  remarkable  fact 
is  developed  that  all  substances  when  incandescent,  that  is,  when 
raised  to  a  temperature  at  which  they  become  self-luminous,  are 
found  to  be  conductors  of  electricity.  This  can  be  interpreted 
only  by  assuming  that  free  electrons,  which  then  act  as  carriers 
of  electricity,  exist  among  tlie  particles  of  tlie  lieaicd  body.  We 
believe,  therefore,  that,  as  we  raise  the  temperature  of  a  body,  the 
increased  molecular  bombardments  which  take  place  between  the 
molecules  disengage  or  set  free  certain  electrons  formerly  exist- 
ing within  the  atoms,  so  that  these  electrons  vibrate  back  and 
forth  among  the  molecules  of  the  body,  thereby  rendering  the 
latter  a  conductor.    IVIoreover,  these  electrons,  by  their  collisions 
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and  consequent  changes  of  velocity,  are  continually  accelerated, 
and  therefore  give  rise  to  ether  waves  which  go  out  from  these 
particles  as  centers.  Since  these  electrons  are  extremely  irregu- 
lar in  their  collisions,  and  therefore  in  their  accelerations,  they 
send  out  ether  waves  of  all  possible  periods,  so  that  these  waves, 
when  analyzed  by  a  prism,  give  rise  to  a  spectrum  containing  all 
possible  wave  lengths. 

If  the  heated  body  is  not  yet  incandescent,  the  ether  waves  of 
the  periods  which  are  able  to  produce  the  sensation  of  light  are 
still  too  feeljle  in  energy  to  affect  the  eye,  and  only  those  of  longer 
Avave  lengths  lying  in  the  infra  red,  where  the  largest  amount  of 
energy  is  found,  can  be  detected.  As  the  body  is  now  raised  in 
temperature  until  it  begins  to  be  self-luminous,  greater  numbers 
of  electrons  are  released,  and  these,  by  their  bombardments,  in- 
crease the  energy,  that  is,  the  amplitude,  of  the  ether  waves  Avhich 
are  thus  emitted.  The  energy  of  those  waves  which  affect  the 
eye  with  the  sensation  of  red  is  then  sufficiently  great  to  be  de- 
tected, although  the  waves  towards  the  blue  end  of  the  spectrum 
are  still  too  feeble  to  be  perceived,  and  the  body  is  then  said  to  be 
red  hot.  At  a  still  higher  temperature  the  waves  farther  towards 
the  blue  likewise  increase  in  energy  and  become  successively  vis- 
ible, until,  when  the  temperature  of  full  incandescence  is  reached, 
the  waves  even  in  the  extreme  violet  possess  an  amount  of  energy 
which  enables  them  to  be  seen,  and  the  body  is  then  white  hot. 

Moreover,  this  effect,  which  is  accomplished  by  the  Avholly  ir- 
regular acceleration  of  the  free  electrons,  can  be  attained  only 
when  the  electrons  thus  bombard  confused  masses  of  molecules, 
that  is,  when  the  body  which  emits  this  light  is  either  an  incan- 
descent solid  or  liquid.  Furthermore,  when  the  complex  assem- 
blage of  all  the  vibrations  which  make  up  white  light  undergoes 
refraction  by  the  prism,  the  various  colors  corresponding  to  these 
ether  waves  are  arranged  side  by  side  in  the  order  of  their  wave 
lengths ;  and  inasmuch  as  all  possible  wave  lengths  are  present, 
no  gaps  or  vacancies  occur  in  the  colored  band,  and  the  spectrum 
is  continuous.  It  follows,  therefore,  that  a  continuous  spectrum 
is  produced  by  an  incandescent  solid  or  liquid. 

658.  The  Bright-Line,  or  Emission,  or  Discontinuous,  Spec- 
trum.    When  the  light  from  an  incandescent   vapor  or  gas  is 
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analyzed  by  a  prism,  the  spectrum  is  discovered  to  be  not  contin- 
uous, hut  to  consist  of  a  numher  of  hriglit  lines,  separated  from 
one  another  by  dark  spaces.  Moreover,  these  bright  lines  are 
found  to  differ  in  number  and  order  for  each  incandescent  gas 
examined,  although  the  particular  lines  for  any  one  gas  are  al- 
ways found  in  the  same  position  in  the  spectrum. 

Thus,  if  a  metal  is  volatilized  in  the  non-luminous  flame  of  the 
Bunsen  burner  or  in  the  electric  arc,  the  vapor  of  this  metal, 
which  thus  shines  by  its  own  light,  does  not  emit  light  of  all 
wave  lengths,  but  sends  to  the  screen  a  few  wave  lengths  only, 
and  as  a  result  but  a  limited  number  of  bright  lines  appear  upon 
the  screen,  one  line  for  each  different  wave  length  present  in  the 
light  emitted.  This  assemjblage  of  hriglit  lines  separated  by  dark 
spaces  is  called  tJie  hrigJit-line,  or  tlie  emission,  or  tJie  discontin- 
uous, spectrum,  and  is  produced  ivlienevcr  light  from  a  glowing 
gas  or  vapor  is  dispersed  hy  a  prism.  The  Thomson  atom  (p. 
649)  not  only  lends  itself  to  an  explanation  of  this  phenomenon, 
but  serves  also  to  remove  many  of  the  difficulties  which  had  pre- 
viously been  encountered  in  the  electromagnetic  theory  of  light. 

659.  The  Cause  of  the  Bright-Line,  or  Emission,  Spectrum. 
After  a  solid  or  liquid  has  been  raised  to  incandescence,  the  fur- 
ther addition  of  heat  so  increases  the  kinetic  energy  of  the  par- 
ticles that  the  inter-molecular  bonds  are  broken,  and  the  body  is 
volatilized,  that  is,  it  passes  from  the  state  of  the  solid  or  liquid 
into  the  condition  of  an  incandescent  gas.  Moreover,  at  this  ex- 
ceedingly high  temperature,  the  molecules  themselves  can  no 
longer  remain  intact,  since  the  atomic  bonds,  which  join  together 
the  atoms  to  form  the  molecules,  are  then  likewise  ruptured,  and 
the  gas  is  said  to  dissociate.  In  an  incandescent  dissociated  gas, 
therefore,  the  atoms  exist  as  free  vibrating  particles,  and  bom- 
bard one  another  with  an  energy  which  is  proportional  to  the 
temperature  to  which  they  are  raised. 

So  violent,  indeed,  are  these  inter-atomic  collisions,  that  they 
are  believed  to  affect  the  rotation  of  the  electrons  within  the 
atoms.  This  may  be  accomplished  either  by  producing  an  un- 
equal distribution  of  the  electrons  which  revolve  in  a  given  orbit, 
or  causing  them,  in  their  revolution,  to  deviate  from  the  plane  of 
their  orbit,  that  is,  to  revolve  with  an  undulatory  movement,  ris- 
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ing  alternately  above  and  below  their  otherwise  uniform  plane  of 
motion.  In  either  case,  the  electrons  change  their  velocity  or 
their  direction  of  motion,  or  perhaps  both,  and  therefore  are  ac- 
celerated, in  consequence  of  which  a  radiation  in  the  form  of 
ether  waves  goes  out  from  these  electrons  as  centers. 

Moreover,  the  accelerations  which  the  electrons  undergo  de- 
pend upon  the  number  and  arrangement  of  these  particles  with- 
in the  atom,  that  is,  upon  the  nature  and  constitution  of  the  atom. 
It  folloAvs,  therefore,  that  an  atom  of  one  substance  will  send  out 
a  particular  radiation  which  is  peculiar  to  that  substance,  while 
an  atom  of  another  substance  will  emit  a  radiation  which  i«  alto- 
gether different.  Furthermore,  since  these  disturbed  electrons 
are  limited  in  number  and  are  periodic  in  their  acceleration,  they 
give  rise  to  a  perfectly  definite  number  of  regular  vibrations  in 
the  adjacent  ether,  a  Avave  of  a  particular  length  being  formed 
for  each  accelerated  electron  or  group  of  electrons  present  in  the 
atom.  Accordingly,  the  radiation  which  is  thus  emitted  does  not 
consist  of  all  possible  vibrations,  but  of  a  few  wave  lengths  only, 
and  these,  when  this  light  is  analyzed  by  a  prism,  then  fall  at 
perfectly  definite  places  in  the  spectrum. 

In  view  of  the  fact  that  a  spectrum  consists  of  a  series  of  im- 
ages of  the  slit,  that  is,  a  line  of  light  for  each  wave  length  pres- 
ent, it  is  seen  that  the  spectrum  of  a  glowing  gas  or  vapor  can- 
not be  continuous,  or,  in  other  words,  cannot  consist  of  all  wave 
lengths,  since  only  a  few  wave  lengths  are  sent  out  by  the  source. 
Each  ether  vibration,  however,  produces  a  bright  line  of  light  at  a 
position  in  the  spectrum  depending  upon  its  wave  length,  while 
totally  dark  spaces  occur  between  these  bright  lines,  inasmuch  as 
the  wave  lengths  which  would  produce  light  in  the  latter  regions 
do  not  exist.  Accordingly,  the  spectrum  of  the  light  emitted  by 
an  incandescent  gas  consists  of  a  series  of  bright  lines  separated 
by  dark  spaces,  the  number  and  color  and  arrangement  of  these 
lines  depending  upon  the  character  of  the  particular  substance 
in  the  gaseous  condition  which  is  emitting  the  light. 

Thus,  for  instance,  when  hydrogen  is  rendered  self-luminous 
by  the  electric  discharge,  the  light  which  it  then  emits  is  found 
to  contain  mainly  three  colors  or  wave  lengths,  and  the  spectrum 
formed  by  this  light  consists  of  a  bright  line  in  the  red,  a  bright 
line  in  the  region  between  the  green  and  the  blue,  and  a  some- 
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Avhat  weaker  line  in  the  violet.  The  ocurrenee  of  these  lines, 
which  ahvays  appear  at  precisely  the  same  positions  in  the  spec- 
trum, indicates  the  presence  of  glowing  hydrogen. 

So,  also,  if  the  metal  sodium  is  volatilized  in  the  flame  of  a 
Bunsen  burner,  the  incandescent  sodium  vapor  emits  light  of 
practically  one  wave  length  only,  and  hence  but  a  single  bright 
line,  and  that  in  the  yellow,  is  produced  in-  the  spectrum  of  sodi- 
um. In  further  resolution,  this  single  yellow  line  is,  indeed, 
found  to  be  double,  and  therefore  to  consist  of  two  lines  lying 
very  near  together.  At  the  temperature  of  the  electric  arc,  the 
electrons  in  the  sodium  atom  are  thrown  into  a  more  compli- 
cated vibration,  and  hence  at  this  temperature  there  appear  other 
lines  in  the  sodium  spectrum  in  addition  to  the  principal  yellov/ 
line. 


Fig.  4So.     A  small  portion  of  the  bright-line,  or  emission,  spectrum  of  iron. 


In  the  same  Avay,  the  vapor  of  copper  emits  light  chiefly  of 
one  wave  length,  and  this  gives  a  single  line  in  the  green.  The 
electrons  in  the  silver  atom,  when  this  metal  is  in  the  state  of 
vapor,  are  found  to  have  two  principal  periods  of  vibration,  and 
as  a  result  the  spectrum  of  silver  consists  of  two  beautiful  lines, 
one  in  the  green,  and  the  other  between  the  green  and  the  blue. 

660.  The  Zeeman  Effect.  A  much  clearer  interpretation  of 
the  phenomenon  of  the  bright-line  spectrum,  and  at  the  same 
time  a  confirmation  of  the  existence  of  an  atom  analogous,  at 
least,  to  the  one  conceived  by  Thomson,  is  given  by  the  remark- 
able discovery,  made  by  Zeeman  in  the  year  1896,  that  the  char- 
acter of  the  light  emitted  by  an  incandescent  gas  is  to  some  ex- 
tent modified  by  a  magnetic  field.  Zeeman  showed  that  when  an 
incandescent  gas  is  subjected  to  the  action  of  an  intense  mag- 
netic field,  certain  lines  in  the  spectrum  of  this  gas  are  doubled, 
trebled,  or  even  quadrupled,  depending  upon  the  intensity  and 
direction  of  the  field.  This  evidently  points  to  the  conclusion 
that  the  vibrating  particle  generates  a  magnetic  field  in  the  ether 


THE  Ri:VKH8i:n,  OR  ABSORPTION,  SPECTRUM. 


833 


about.it.  that  is.  that  this  partiek'  is  highly  eleetriliL'd  and  in  ra- 
pid nu)ti()n,  so  tliat  it  iiroduees  the  effect  of  an  electric  current. 
Moreover,  the  direction  of  the  displacement  of  the  lines  in  the 
Zeeman  effect  would  point  to  the  fact  that  the  vibrating  par- 
icle  is  negatively  electrified. 

The  entire  phenomenon  therefore  gives  strong  experimental 
evidence  of  the  existence  of  an  atom  which  has  many  of  the  prop- 
erties of  the  Thompson  atom,  and  practically  establishes  the 
electromagnetic  theory  of  light,  which  was  predicted  mathe- 
matically by  Maxwell.  From  every  point  of  view,  therefore,  it 
it  highly  probable  that  the  vibrating  particles  which  give  rise 
to  the  bright  linos  in  the  spectrum  are  flic  electrons  tlie^nsclves, 
as  ilicy  vibrate  according  to  flicir  own  law  ivi'Jiin  tlie  atom. 
]\Ioreover,  this  explains  the  fact  that  the  spectrum  of  a  substance 
is  perfectly  characteristic  of  that  substance,  for  we  should  then 
assume  that  the  attributes  and  special  properties  of  an  atom  are 
determined  by  the  arrangement  of  the  electrons  which  the  atom 
contains  and  the  law  according  to  which  these  electrons  vibrate- 
That  this  law,  in  some  instances,  must  be  extremely  complex  may 
be  inferred  from  the  many  hundreds  of  lines  Avhich  appear  in  the 
spectrum  of  a  single  substance,  such  as  iron,  Fig.  485. 

661.  The  Dark-Line,  or  Reversed,  or  Absorption,  Spectrum. 
The  dark-line,  or  reversed,  or  absorption,  spectrum,  of  which  the 
solar  spectrum  is  the  great  type,  is  one  that  is  otherwise  contin- 
uous, but  crossed  by  large  numljers  of  fine  dark  lines,  Fig.  486. 
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Fig.   480.     A  portion  of  the  solar  spoctniui,   showing  the   Fraunhofer  lines. 

When  the  light  from  the  sun  is  analyzed  by  a  prism,  it  is  found 
to  consist  of  a  continuous  spectrum,  with,  however,  a  large  num- 
ber of  dark  lines  superposed  upon  it.  These  lines  were  first  dis- 
covered by  "Wollaston  in  the  early  part  of  the  nineteenth  century, 
and  studied  much  more  in  detail  later  bv  Fraunhofer.     The  latter 
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investigator  found  that  these  dark  lines,  which  cross  the  bright 
and  otherwise  continuous  spectrum  of  the  sun,  always  occur  in 
precisely  the  same  places  in  tlie  solar  spectrum,  and  he  gave  the 
names  of  the  letters  of  the  alphabet  to  a  number  of  the  most 
prominent,  beginning  with  the  line  in  the  deepest  red.  The  let- 
ters which  lie  assigned  to  these  lines  have  always  been  retained, 
-and  these  dark  lines  in  the  solar  spectrum  are  still  known  as  the 
Fraunhof er  lines.  Fraunhofer  could  offer  no  explanation  for  the 
existence  of  those  lines,  and  it  was  not  until  the  work  of  Foucault, 
in  1849,  and  the  researches  of  Kirchoff  and  Bunsen,  in  1859,  that 
the  mystery  of  the  dark  lines  in  the  solar  spectrum  was  explained. 
The  coincidence  between  many  dark  lines  in  the  spectrum  of 
the  sun  and  numerous  bright  lines  in  gaseous  spectra  had  long 
been  observed.  Kirchoff  and  Bunsen  showed  that  the  dark  lines 
occur  rigidly  at  the  same  parts  of  the  spectrum  at  which  bright 
lines  are  produced  when  lights  from  certain  incandescent  vapors 
are  analyzed  by  a  prism.  By  placing  a  glass  tube  containing 
sodium  so  that  the  white  light  from  the  flame  of  a  candle  should 
pass  through  it,  these  investigators  showed  that  the  white  candle 
light  would  produce  a  continuous  spectrum  so  long  as  the  tube 
was  cold.  Upon  heating  the  tube,  however,  so  that  the  latter  was 
filled  with  the  vapor  of  sodium,  they  observed  that  two  fine  dark 
lines  appeared  at  exactly  the  same  points  in  the  spectrum  at  which 
the  two  bright  lines  of  sodium  would  appear  when  light  from 
incandescent  sodium  vapor  was  examined  by  itself.  This  showed 
that  the  sodium  flame  allows  light  of  all  wave  lengths  to  pass 
through  it  except  light  of  the  two  wave  lengths  which  it  itself 
emits,  and  these  it  absorbs.  In  other  words,  the  sodium  flame  is 
transparent  to  light  of  all  other  wave  lengths  except  the  parti- 

jcular  ones  which  it  emits,  but  is  opaque  to  light  of  its  own  wave 

Jengths. 

This  phenomenon,  however,  is  simply  in  accord  with  the  very 
general  principle,  that  a  vibrating  particle  of  any  definite  pe- 
riod will  absorb  all  other  vibrations  of  a  period  exactly  equal  to 
its  own,  as  may  be  seen  when  one  pendulum  in  vibration  takes 
up  the  motion  of  another  of  the  same  period,  or  when  one  tuning 
fork  vibrates  symphathetically  with  another,  and  absorbs  its  en- 
ergy. Therefore,  when  white  light  from  an  incandescent  solid 
passes  through  a  cooler  column  of  incandescent  sodium  vapor. 
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this  vapor  will  absorb  from  the  white  light  those  vibrations  which 
have  periods  equal  to  those  in  which  it  itself  vibrates.  The  light, 
therefore,  which  reaches  the  screen  is  white  light  minus  light  of 
the  particular  wave  lengths  which  sodium  emits,  since  these  were 
absorbed  from  the  Avhite  light  as  the  latter  passed  through  the 
sodium  vapor.  Accordingly,  the  resulting  spectrum  will  be  con- 
tinuous with  the  exception  of  two  dark  lines  in  the  yellow  at  ex- 
actly those  points  at  which  bright  yellow  lines  would  appear  if 
the  sodium  alone  were  burned  in  a  flame  without  the  white  light 
behind  it. 

Careful  observation,  however,  will  show  that  these  dark  lines 
are  not  black  but  appear  so  only  by  comparison  with  the  much 
brighter  light  in  the  adjacent  portions  of  the  spectrum.  Indeed, 
these  dark  lines  are  really  bright  lines,  since  they  arc  the  light 
which  is  sent  to  the  screen  by  the  incandescent  sodium  vapor; 
but  since  the  latter  is  cooler  than  the  source  of  white  light,  the 
light  which  it  emits  is  less  intense  than  that  which  comes 
from  the  more  highly  heated  source  behind  it.  If  the  sodium 
vapor  were  at  the  same  temperature  as  the  source  of  white 
light,  it  would  send  to  the  screen  as  much  light  as  it  absorbs,  and 
the  dark  lines  would  disappear.  TJie  condition,  ilierefore,  for  the 
production  of  tlie  dark-lines  in  tlie  reversed,  or  absorption,  spec- 
trum is  tliat  ivMte  liglit  from  an  intensely  Jieated  source  must 
pass  ilirougli  a  column  of  gas  or  vapor  of  lower  temperature. 
This  column  of  cooler  gas  is,  indeed,  slightly  raised  in  tempera- 
ture by  the  energy  which  it  thus  absorbs  from  the  white  light ; 
but  as  it  sends  out  radiation  in  all  directions,  the  additional 
amount  Avhich  it  emits  in  the  particular  direction  of  the  screen  is 
too  slight  to  be  detected,  and  the  dark  absorption  lines  remain 
practically  of  the  same  intensity  as  that  with  which  they  would 
appear  if  the  white  light  were  absent. 

662.  The  Cause  of  the  Fraunhofer  Lines.  The  discovery 
of  Kirchoft:  and  Bunsen  offered  at  once  a  ready  and  complete 
explanation  of  the  existence  of  the  dark  lines  in  the  solar  spec- 
trum. It  was  then  seen  that  the  white  light  from  the  incandes- 
cent solid  or  liquid  body  of  the  sun  must  pass  through  clouds  of 
vapors  of  many  of  the  elements  in  its  passage  to  the  earth.  It 
is  therefore  apparent  that  the  intensely  white  surface  of  the  sun, 
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called  the  i)hotosphei'e,  must  be  siirrouiuled  l)y  clouds  of  metals 
ill  the  state  of  vapor,  due  to  the  extreme  heat.  This  layer,  which 
is  called  the  chromosphere,  absorbs,  from  the  white  light  emitted 
by  the  photosphere,  light  of  the  particular  wave  lengths  which 
these  elements  themselves  would  emit;  and  therefore  the  light 
from  the  sun  comes  to  us  minus  light  of  a  great  many  wave 
lengths,  and  for  each  wave  length  which  has  been  thus  absorbed, 
a  dark  line  is  produced  in  the  spectrum.  This  occurrence  of  the 
dark  solar  lines  at  the  very  places  at  which  bright  metallic  lines 
appear  when  the  various  terrestrial  elements  are  volatilized,  en- 
ables us  to  study  with  great  precision  the  composition  of  these 
clouds  of  vapor  which  surround  the  sun.  Thus,  Fig.  487  is  from 
a  photograph  of  the  dark-line  solar  spectrum,  across  the  center 
of  which  has  been  photographed  at  the  same  time  the  bright- 


FiG.  4S7.  A  portion  of  the  bright-line  spectrum  of  iron  photogra plied  upon  the 
dark-line  solar  spectrum,  showing  the  presence  of  iron  in  the  clouds  of 
vapor  which  surround  the  sun. 

line  emission  spectrum  of  iron.  The  exact  coincidence  of  these 
two  series  of  lines  is  conclusive  proof  that  iron  in  the  state  of 
vapor  is  one  of  the  many  elements  which  enter  into  the  composi- 
tion of  the  solar  atmosphere.  In  a  similar  way  it  has  been  shown 
that  not  a  few  of  the  Fraunhof er  lines  are  due  to  the  absorption 
of  light  of  certain  wave  lengths,  as  the  light, from  the  sun  passes 
through  the  various  gases  and  the  water  vapor  of  our  own  atmo- 
sphere. 

Many  of  the  stars  likewise  have  dark-line,  or  absorption,  spec- 
tra, while  a  few  show  bright-line,  or  emission,  spectra,  the  latter 
being  also  the  type  of  spectra  emitted  by  the  nebulae.  From  a 
comparison  of  these  lines  with  those  occurring  in  the  same  posi- 
tions in  the  spectra  from  known  sources,  it  is  possible  to  obtain 
not  only  a  definite  knowledge  of  the  chemical  composition  of  the 
celestial  bodies,  but  also  to  some  extent  an  idea  of  their  physical 
condition  as  well  as  their  relative  age  and  development. 

663.  Observations  of  the  Protuberances  upon  the  Sun.  For 
many  years,  during  the  times  of  total  eclipses  of  the  sun,  rose- 
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colored  protuberances,  resembling  great  sheets  and  tongues  of 
flame,  have  been  observed  to  exist  around  the  edge  of  the  sun, 
when  the  more  intense  light  from  the  solar  surface  was  inter- 
cepted by  the  dark  body  of  the  moon.  Although  these  red  flames 
or  protuberances  extend  3,000  or  4,000  miles  above  the  body  of 
the  sun,  they  cannot  ordinarily  be  seen,  owing  to  the  relative 
faintness  of  the  light  which  they  emit.  During  the  total  eclipse 
of  1868,  these  protuberances  were  examined  with  the  spectro- 
scope and  were  found  to  consist  of  sheets  and  tongues  of  incan- 
descent vapor,  in  which  the  bright  hydrogen  lines  were  notice- 
ably prominent,  thus  showing  that  these  prominences  consist, 
in  part  at  least,  of  flames  and  clouds  of  glowing  hydrogen.  Im- 
mediately after  the  eclipse,  it  occurred  simultaneously  and  in- 
dependently to  Janssen  and  Lockyer  that  with  the  aid  of  the 
spectroscope  these  protuberances  could  be  observed  any  clear 
day,  even  when  the  sun  was  not  eclipsed.  Experiment  showed 
that  this  is  indeed  possible ;  and  since  that  time  observatories 
have  kept  a  daily  record  of  these  red  flames  as  they  are  formed 
at  irregular  periods  of  time  around  the  edge  of  the  sun. 

The  observation  of  the  prominences  upon  the  uneclipsed  sun 
depends  upon  the  principle  that  the  intensity  of  the  light  in  any 
part  of  a  continuous  spectrum  is  weakened  by  increased  disper- 
sion. When  white  light  is  analyzed  by  a  single  prism,  it  is 
spread  out  into  a  continuous  spectrum  of  limited  length,  and 
therefore  of  a  fair  degree  of  brightness.  When,  however,  white 
light  is  passed  through  a  great  number  of  prisms,  the  length  of 
the  spectrum  is  correspondingly  increased,  due  to  the  increased 
dispersion,  while  the  brightness  of  any  part  is  decreased  in  the 
same  ratio.  On  the  other  hand,  the  width  of  a  bright  line  in  a 
bright-line  spectrum  is  not  sensibly  altered  by  higher  dispersion, 
since  this  line  contains  light  of  but  a  single  wave  length,  and 
therefore  retains  its  original  brightness,  even  though  the  light 
may  be  passed  through  a  train  consisting  of  several  prisms. 

In  order,  therefore,  to  observe  the  solar  prominences  in  direct 
sunlight,  the  image  of  the  edge  of  the  sun  is  so  thrown  upon  the 
slit  of  a  spectroscope  containing  many  prisms  that  part  of  the 
slit  receives  light  from  the  outermost  edge  of  the  sun,  and  part 
is  illuminated  by  the  light  from  the  prominences  tliemselvcs.  The 
M-hite  light  from  the  edge  of  the  sun  and  also  that  produced  by 
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the  illumination  of  the  earth's  atmosphere,  as  well  as  that  which 
is  emitted  by  the  solar  corona,  are  all  weakened  by  the  very  high 
dispersion  employed,  while  the  light  from  a  protuberance,  con- 
sisting, as  it  does,  principally  of  light  from  glowing  hydrogen, 
gives  simply  the  bright-line  spectrum  of  hydrogen,  and  this  is  not 
sensibly  weakened  by  its  passage  through  the  large  number  of 
prisms.  It  follows,  therefore,  that  if  the  slit  of  the  spectroscope 
is  opened  sufficiently  wide  to  receive  the  image  of  the  promi- 
nence, this  image  itself  and  not  the  slit  now  becomes  the  source 
of  light,  and  this  Avill  produce  an  image  of  the  protuberance  at 
positions  in  the  spectrum  occupied  by  each  of  the  three  wave 
lengths  which  are  emitted  by  glowing  hydrogen  gas.  Accordingly, 
there  will  be  seen  in  the  spectroscope  an  image  of  the  prominence 
in  the  red  of  the  spectrum,  one  in  the  region  between  the  green 
ajid  the  blue,  and  one  in  the  violet.  These  bright-line  im- 
ages of  the  protuberance  are  all  superposed  upon  the  very  faint 
continuous  spectrum  of  the  light  reflected  from  the  solor  corona 
and  from  the  earth 's  atmosphere,  while  on  the  side  of  the  promi- 
nence towards  the  sun  there  will  also  be  seen  the  faint  continuous 
spectrum  of  the  edge  of  the  sun,  all  of  these  continuous  spectra 
being  greatly  weakened  in  intensity  by  the  very  high  dispersion 
employed. 

The  clouds  of  vapor  about  the  sun  which  send  out  these  tongues 
of  flame  are  the  clouds  of  the  chromosphere,  and  it  is  in  these 
clouds  that  light  of  certain  wave  lengths  is  absorbed  from  the 
white  light  emitted  by  the  white-hot  body  of  the  sun.  This  layer 
of  clouds  to  which  the  prominences  belong  is  therefore  sometimes  . 
called  the  reversing  layer  around  the  sun. 

664.  Motion  in  the  Line  of  Sight— The  Doppler  Effect.    If 

a  source  of  light  is  fixed  in  position,  and  an  observer  who  per- 
ceives this  light  is  also  stationary,  a  certain  number  of  ether 
waves  will  be  received  each  second,  and  a  given  wave  length  of 
light,  when  analyzed  by  a  prism,  will  produce  a  line  in  the  spec- 
trum occupying  a  perfectly  definite  position.  If,  however,  the 
source  of  light  and  the  observer  move  towards  each  other,  a 
greater  number  of  vibrations  per  second  will  meet  the  eye,  and 
therefore  the  line  in  the  spectrum  corresponding  to  this  light 
will  be  shifted  in  the  direction  of  the  more  rapidly  vibrating 
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light,  that  is,  towards  the  violet  end  of  the  spectrum.  On  the 
other  hand,  if  the  source  of  light  moves  away  from  the  observer, 
not  so  many  vibrations  per  second  will  be  received,  and  there- 
fore the  line  in  the  spectrum  which  this  light  produces  is  dis- 
placed in  the  direction  of  light  malving  a  smaller  number  of  vi- 
brations per  second,  that  is,  toward  the  red  end  of  the  spectrum. 
This  phenomenon  is  in  accordance  with  the  principle  discussed 
under  the  subject  of  sound  (p.  690),  and  there  illustrated  by 
corks  being  thrown  into  a  stream.  If  the  i)erson  throwing  in 
cork  moves  down  stream,  the  corks  will  come  more  frequently 
to  the  observer  stationed  below,  and  if  he  moves  up  stream  they 
will  come  less  frequently,  than  if  he  were  to  remain  stationary. 

The  light  which  comes  to  us  from  the  stars  is  found  to  give 
spectra  which  may,   in   general,   be   divided  into   two   classes, 
namely,  bright-line    spectra   and    dark-line   spectra.     Thus,  the 
light  from  the  bright  star  Sirius   gives   a  continuous   spectrum 
crossed,  however,  by  dark  lines,  among  which  may  be  recognized 
three  as  occurring  in  the   positions    occupied    by  the  hydrogen 
lines.     This  indicates  that  in  all  probability  the  star  Sirius  is  an 
incandescent  solid  or  liquid  body,  surrounded  by  a  dense  atmo- 
sphere containing  glowing   hydrogen   gas.     Careful  observation 
shows,  however,  that  these  dark  lines  are  not  exactly  in  the  posi- 
tions occupied  by  the  hydrogen  lines,  but  that  they  are  slightly 
displaced  towards  the  red  end  of  the  spectrum.     The  star  and  the 
earth,  therefore,  are  moving  "in  the  line  of  sight"  with  respect 
to  each  other ;  and  from  the  displacement  of  the  lines  towards  the 
red  end  of  the  spectrum,  it  is  evident  that  the  star  is  receding 
from  us.     Moreover,  from  the  amount  by  which  these  lines  are 
displaced,  it  is  known  that  the  velocity  of  recession  is  about  20 
miles  per  second.     In  the  same  way,  the  lines  in  the  spectrum  of 
the  star  Arcturus  are  found  to  be  displaced  by  a  considerable 
amount  towards  the  blue,  thus  showing  that  this  star  is  ap- 
proaching the  earth  at  the  rate  of  about  50  miles  per  second. 

In  a  very  general  way,  it  is  found  that  the  spectral  lines  of 
all  the  stars  in  one  part  of  the  heavens  are  displaced  towards 
the  blue  end  of  the  spectrum,  while  those  of  the  stars  in  the  op- 
posite part  of  the  skies  are  displaced  by  equal  amounts  towards 
the  red.     From  this  it  may  be  concluded   that  the   entire  solar 
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system  is  not  stationary  in  space,  but  is  sweeping  on  towards  a 
certain  point  among  the  stars  Avith  an  enormous  velocity. 

Doppler  conceived  the  idea  of  explaining  the  different  colors 
of  the  stars  by  their  relative  motions  in  the  line  of  sight  with  re- 
spect to  the  earth,  assuming  that  the  bluish  stars  are  those  which 
are  moving  towards  us,  and  the  reddish  stars  are  those  which  are 
moving  away  from  us.  While,  indeed,  it  is  true  that  the  ap- 
parent wave  lengths  of  the  light,  and  therefore  also,  to  some  ex- 
tent, the  colors  of  the  stars,  are  affected  by  their  motion  in  the 
line  of  sight,  the  change  in  the  color  thereby  produced  is  so 
small  as  to  be  wholly  without  influence  upon  the  appearance  of 
the  stars  as  we  see  them  without  spectroscopic  aid. 

665.  Color.  Objects  which  are  not  self-hiuiiiious  are  seen 
by  the  light  which  they  irregularly  reflect.  Those  bodies  w^hich 
we  ordinarily  call  white  are  able  to  reflect  all  colors  nearly  in  the 
same  proportion,  and,  accordingly,  if  they  are  illuminated  by 
white  light,  they  appear  white,  since  light  of  all  color  is  reflected 
to  the  eye.  On  the  other  hand,  if  a  white  body  is  illuminated  by 
monochromatic  light,  the  body  will  appear  of  the  same  color  as 
the  light  itself.  In  general,  however,  bodies  have  the  power  of 
reflecting  certain  colors  more  copiously  than  others,  and  hence 
these  bodies  appear  colored  when  illuminated  by  white  light,  the 
'Color  of  the  body  being  a  mixture  of  all  the  colored  lights  which 
that  body  reflects,  while  those  colors  which  are  not  reflected  are 
absorbed.  A  gray  body  is  one  which  reflects  only  a  small  part 
of  each  color  of  the  white  light  that  falls  upon  it  and  absorbs 
the  rest,  hence  gray  may  be  regarded  as  a  very  dull  white.  A 
black  body  is  one  which  absorbs  all  the  radiations  which  fall  up- 
on it  and  reflects  none,  either  in  whole  or  in  part.  White,  gray, 
and  black,  therefore,  may  be  regarded  as  all  being  of  the  same 
.color,  and  differing  from  one  another  only  in  brightness.  If  a 
xed  ribbon  is  held  in  the  various  colors  throughout  the  spectrum, 
Ihe  ribbon  will  appear  black  everywhere  except  in  the  red,  since 
the  red  ribbon  has  the  power  of  reflecting  red  light  only,  all  other 
colored  lights  being  absorbed. 

When  white  light  falls  upon  a  transparent  body,  such  as  a 
piece  of  colored  glass,  certain  colors  are  transmitted,  while  the 
.remainder  are  absorbed.     The  color  of  a  transparent  body,  there- 
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fore,  is  the  result  of  the  mixture  of  those  colors  which  pass 
through  the  body.  A  colored  transparent  body  does  not  color 
the  light  Avhieh  traverses  it,  that  is,  it  does  not  add  anything  to 
the  white  light,  but  simply  acts  as  a  filter  to  remove  from  the 
white  light  all  the  other  colors  except  the  ones  which  it  trans- 
mits. All  opaque  powders  or  pigments  are  made  of  particles 
whicli  are  really  transi)arcnt,  as  may  be  proved  hy  observing 
thin  slices  of  the  materials  of  which  these  colored  pigments  are 
made  before  they  are  ground  to  powder.  The  light  which  a  col- 
ored pigment  sends  to  the  eye  is  therefore  a  mixture  of  those 
colors  which  have  penetrated  to  a  certain  depth  beneath  the  sur- 
face of  the  pigment,  and  then  been  reflected  to  the  eye. 

When  light  falls  perpendicularly  upon  the  surface  of  un- 
colored  glass,  only  al)out  one-twenty-fifth  part  is  reflected.  If  a 
second  surface  exists  beneath  the  first,  about  one-thirteenth  will 
be  reflected,  and  if  the  number  of  reflecting  surfaces  is  very  great, 
nearly  all  of  the  light  will  be  reflected.  This  must  also  be  true 
when  the  glass  is  ground  to  a  white  powder.  Therefore,  of  the 
white  light  which  is  reflected  from  the  white  powder,  only  a  small 
part  comes  from  the  first  surface,  the  remainder  being  reflected 
from  the  surfaces  of  i)articles  at  greater  depths.  It  is  thus  seen 
that  if  the  powder  is  colored,  that  is,  if  it  has  a  selective  absorp- 
tion, certain  colors  will  be  removed  in  their  passage  through  the 
particles  of  the  powder  or  pigment,  and  hence  only  those  colors 
which  are  not  thus  absorbed  will  be  reflected  from  the  interior 
layers.  It  is,  therefore,  the  mixture  of  these  reflected  colors 
which  produces  the  color  of  the  pigment. 

666.  The  Mixture  of  Colored  Pigments.  If  light  were  to 
pass  in  succession  through  two  differently  colored  transparent 
bodies,  such  as  two  pieces  of  colored  glass,  each  would  possess  a 
selective  absorption  of  its  own,  and  hence  only  those  colors  which 
are  common  to  the  two  would  be  transmitted.  Thus,  a  piece  of 
what  is  ordinarily  called  yellow  glass  will  transmit  colors  in  the 
red  end  of  the  spectrum,  that  is,  the  red,  orange,  yellow,  and 
green,  and  will  al)sorl)  the  violet,  indigo,  and  blue,  while  a  piece 
of  blue  glass  will  transmit  colors  in  the  blue  end  of  the  spectrum, 
namely,  the  violet,  indigo,  blue,  and  green,  and  will  absorb  the 
red,  orange,  and  yellow.     Accordingly,  if  light  is  made  to  pass 
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first  througli  the  yellow  glass,  only  the  red,  orange,  yellow,  and 
green  will  be  transmitted,  since  the  violet,  indigo,  and  bine  are 
absorbed.  If  this  transmitted  light  is  now  made  to  fall  upon  a 
piece  of  blue  glass,  the  latter  absorbs  the  red,  orange,  and  yellow, 
and  only  the  green  can  pass.  Therefore,  the  combination  of  yel- 
low and  blue  glass  Avill  transmit  only  green  light. 

It  is  upon  this  principle  that  the  formation  of  colors  produced 
by  the  mixture  of  colored  pigments  depends.  A  yellow^  pigment 
is  one  that  absorbs  from  the  white  light  falling  upon  it  all  the 
blue  end  of  the  spectrum  and  reflects  only  the  red,  orange,  yellow, 
and  green,  while  a  blue  pigment  is  one  that  absorbs  from  white 
light  all  the  red,  orange,  and  yellow,  and  reflects  only  the  violet, 
indigo,  blue,  and  green.  Accordingly,  if  a  blue  and  a  yellow 
pigment  are  mingled,  the  yellow  pigment  will  absorb  from  the 
white  light  all  the  violet,  indigo,  and  blue,  while  the  blue  pig- 
ment will  absorb  all  the  red,  orange  and  yellow,  and  hence  the 
green,  which  neither  pigment  absorbs,  and  which,  therefore,  they 
both  reflect,  will  be  the  color  of  the  mixture.  This,  may,  per- 
haps, be  illustrated  as  follows:  If  v,  i,  b,  g,  y,  o,  r,  indicates 
the  Avhite  light  which  falls  upon  a  mixture  of  a  blue  and  a  yel- 
low pigment,  the  light  reflected  from  the  blue  pigment  may  be 
represented  by  v,  i,  b,  g,  — ,  — ,  — ,  while,  in  a  similar  way,  the 
light  reflected  from  the  yellow  pigment  may  be  denoted  by 
— ,  — ,  — ,  g,  y,  0,  r,  Avhere  - —  indicates  a  color  which  the  pigment 
absorbs. 
Therefore,  - 

Light  reflected  from  the   blue     pigment  =    v,     i,     b,  g,  — ,  — ,  — . 
Light  reflected  from  the  yellow  pigment  =  — .  — .  — .  g.    y.    o,     r. 
Light  reflected  in  common  =  g. 

Accordingly,  ilie  color  produced  hy  a  mixture  of  pigments  is  seen 
to  be  the  difference  between  the  colored  lights  which  the  two  pig- 
ments reflect,  that  is,  it  is  tJie  color  wJiicJi  neitlier  ahsoi'hs,  and 
therefore  tJie  one  wliicli  tJie  two  reflect  in  common. 

667.  The  Mixture  of  Colored  Lights.  The  cft'.ct,  hov.ever, 
produced  by  mixing  colored  lights  is  entirely  different.  Thus,  if 
a  beam  of  white  light  is  passed  through  a  piece  of  yellow  glass, 
light  containing  the  colors,  red,  orange,  yellow  and  green  will 
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fall  upon  the  screen ;  and  if  another  beam  of  white  light  is  passed 
through  a  piece  of  blue  glass,  light  of  the  colors  violet,  indigo, 
blue  and  green  will  fall  at  another  place  upon  the  screen,  Fig. 
488.  If  the  yellow  and  the  blue  circles  of  light  are  now  made  to 
overlap,  that  part 
of  the  screen  which 
contains  the  super- 
posed lights  will 
send  to  the  eye  red. 
orange,  yellow  and 
green  light  from 
the  yellow  beam, 
and  violet,  indigo, 
blue  and  green 
light  from  the 
blue  beam,  so  that 
the     eye     receives 

light  of  all  colors  from  that  portion  of  the  screen  where  the  two 
beams  overlap,  and  the  effect  is  therefore  that  of  Avhite  light. 
This  may  be  shown  diagrammatically  as  follows : 


Yellow 


Blue 


Fig.  488.  The  mixture  of  yellow  light  and  blue  light 
produces  white  light.  Yellow  and  blue  are  there- 
fore complementary  colors. 


Colors  received  from  blue      light  =  v, 
Colors  received  from  vellow  light  =: 


i,    b,    g, 


Colors  received  from  both   lights  =  v,    i,    b,    g,    y,    o,    r    (while  liirlu) 


The  resulting  color  produced  hy  a  mixture  of  colored  lights  is 
thus  seen  to  he  the  sum  of  the  colors  which  each  light  would  pro- 
duce alone. 

The  colors  of  those  lights  which,  when  mixed  together,  produce 
white  light  are  called  complementary  colors. 
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CHAPTEK  LVI 
THE    INTERFERENCE    OP    LIGHT 

668.  The  Production  of  Interference.  In  our  study  of  the 
propagation  of  waves,  we  have  seen  that  if  two  vibratory  motions 
affect  the  same  particle  at  the  same  time,  the  particle  must  suffer 
a  displacement  which  is  the  algebraic  sum  of  the  component  dis- 
placements. If  the  two  vibrations  are  of  the  same  period  and  in 
the  same  phase,  the  resulting  amplitude  is  greater  than  that  of 
either  alone ;  but  if  the  vibrations  are  of  the  same  period  and  am- 
plitude and  opposite  in  phase,  the  algebraic  sum  of  these  motions 
is  zero,  and  the  particle  does  not  move.  This  combination  of  two 
vibratory  motions  to  produce  a  vibration  of  increased  or  of  de- 
creased amplitude  is  known  as  interference.  In  the  study  of 
sound,  also,  we  have  seen  that  two  sound  waves  may  be  made  to 
combine  so  as  to  produce  a  sound  louder  than  either  alone,  and, 
furthermore,  that  two  sound  waves  of  equal  amplitude  and  peri- 
od but  of  opposite  phase  may  combine  so  as  to  produce  silence. 
The  fact  of  the  interference  of  sound  is  conclusive  proof  that 
sound  is  due  to  wave  motion. 

In  the  year  1801  Thomas  Young,  and  fourteen  years  later  Aug- 
ustin  Fresnel,  independently  demonstrated  not  only  that  two 
lights  may  combine  to  produce  a  light  brighter  than  either  one 
alone,  but  also  that  under  certain  conditions  two  lights  when 
added  together  may  produce  darkness,  thereby  proving  that  the 
phenomenon  of  interference  takes  place  also  in  light.  Interfer- 
ence, however,  is  a  result  which  the  corpuscular  or  emissive  the- 
ory of  light  absolutely  fails  to  explain,  while  it  is  not  only  con- 
sistent with  the  wave  theory,  but  is  demanded  by  it.  It  is,  there- 
fore, this  phenomenon  of  the  interference  of  light  which  proves 
beyond  a  doubt  that  light  is  a  vibratory  motion  of  the  ether. 

If  the  experiment  is  tried  of  allowing  the  light  from  two  dif- 
ferent sources,  as  S  and  S',  Fig.  489,  to  fall  upon  a  screen  at 
A,  not  the  slightest  effect  of  the  phenomena  due  to  interference 
will  be  observed,  but  the  entire  screen  will  be  uniformly  illumi- 
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nated.  The  reason  for  the  absence  of  dark  regions  upon  the 
screen  due  to  interference,  even  when  the  sources  of  light  are  re- 
duced to  mere  points,  is  that  a  source  of  light  consists  of  very  ir- 
regular vibrations,  and  therefore  that  the  light  which  is  sent  out 
from  one  source  is  never  in  the  same  phase  of  vibration  as  that 
which  comes  from  the  other  source.  Accordingly,  light  from  both 
sources  reaches  every  part  of  the  screen  in  all  possible  phases,  S3 
that  destructive  interference  cannot  take  place  at  any  one  point. 
On  the  other  hand,  if  two  heams  of  liglit  wliicli  liave  origincdhj 
departed  from  the  same  source  are  made  to  meet  upon  a  screen, 
there  will  be  i)ositions  where  the  liglit  of  the  two  beams  reaches 
the  screen  in  the  same  phase,  and  at  these  places  there  will  be  in- 
creased illumina- 
tion, while  there  will 
also  be  regions 
w^here  the  light  of 
the  two  beams 
reaches  the  screen  in 
opposite  phase,  and 
at  these  points  there 
Avill  be  darkness.  It 
is  possible,  there- 
fore, for  interfer- 
ence to  take  pleice  only  when  the  two  interfering  Ixams  have 
originally  depetrted  from  the  seime  source. 

The  phenomenon  of  the  production  of  light  and  dark  bands  up- 
on the  screpn  due  to  interference  may  be  conveniently  observed 
with  the  aid  of  the  bi-prism,  which  is  a  device  due  to  Fresnel. 
This  consists  of  a  piece  of  glass,  polished  so  as  to  make  a  double 
prism,  or  hi-prism,  PP',  Fig.  490,  of  very  o])tuse  angle.  Be- 
hind this  prism  at  .S'  is  a  slit  of  light,  the  slit  being  i)arallel  to  the 
refracting  edges.  The  light  emanating  fi-om  S  is  refracted  and 
passes  through  the  jirism  as  if  it  came  from  the  two  virtual  im- 
ages, S^  and  /S"^  If  a  screen  is  i)laced  at  some  distance  from  the 
bi-prism,  light  will  fall  upon  this  screen  as  if  it  came  from  these 
two  virtual  sources,  and  as  these  are  both  images  of  S,  they  are 
both  in  the  same  phase  of  viln-ation.  The  only  purpose  of  the  bi- 
prism  is  to  provide  two  sources  of  light  (in  this  case  virtual)  very 
near  together,  of  equal  intensity,  and  in  the  same  phase  of  vibra- 
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tion.  Ill  the  further  treatment,  therefore,  we  may  regard  S'  and 
S'%  Fig.  491,  as  two  actual  sources  of  light  very  near  together, 
both  in  the  same  phase  of  vibration,  both  of  the  same  intensity, 


Fig.  490. 


The  Fresnel  bi-prism  produces  two  virtual  images  of  the  source  which 
are  in  the  same  phase  of  vibration. 


and  both  sending  light  to  the  screen.  The  effect  upon  every  point 
of  the  screen  will  be  the  algebraic  sum  of  the  effects  which  S^  and 
S^^  would  produce  separately.  For  the  sake  of  simplicity  we  will 
now  assume  that  we  are  dealing  with  monochromatic  light,  or 
light  of  one  wave  length  onl.y,  such  as  sodium  light. 


Fig.   491.     Two   beams   of  light  which  have   originally  departed   from   tlie   same 
source  are  capable  of  producing  interference. 

If  A  is  the  point  on  the  screen  which  is  equidistant  from  S' 
and  S'',  then 

S'A  =  S''A, 


and  the  light  which  reaches  A  from  S'  will  be  in  the  same  phase 
of  vibration  as  that  which  reaches  this  same  point  from  S^%  and 
A  will  be  on  the  point  of  increased  illumination.  If,  however,  B 
is  a  point  on  the  screen  such  that 
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S^'B—S^B  =  1/2  A, 

Where  A  is  the  wave  length,  the  light  Avhich  reaches  B  from  S'' 
Avill  have  to  travel  Yo  A  farther  than  that  which  reaches  this  point 
from  S',  and  hence  the  light  from  these  two  sources  will  reach  B 
in  opposite  phase,  and  darkness  will  result.    In  the  same  way,  if 

S'C—S^'C  =  1/2  A, 

the  light  which  reaches  C  from  S'  has  had  to  travel  i/o  ^  farther 
than  that  wdiich  comes  to  this  point  from  S'',  so  that  light 
from  S'  and  aS"''  will  meet  at  C  in  opposite  i)haso,  and  C  is  also  a 
point  Avhere  destructive  interference  occurs,  and  therefore  a  point 
of  no  illumination.  Moreover  at  a  i)oint  D  on  the  screen,  such 
that 

S^'D—S'D  =  A, 

the  disturbance  which  reaches  D  from  S'^  is  in  the  same  phase  of 
vibration  as  that  which  reaches  this  point  from  S',  and  hence  D  is 
a  point  of  constructive  interference  and  therefore  a  point  of 
illumination.  For  the  same  reason  the  point  E  is  a  point  of 
illumination,  where 

S'E—S''E  =  A, 

and  so  on.  Upon  the  screen  there  will  therefore  appear  a  series 
of  bands,  alternately  bright  and  dark,  situated  symmetrically  up- 
on each  side  of  the  point  A  Avhich  is  equidistant  from  the  two 
sources.  These  light  and  dark  bands  are  known  as  interference 
bands  or  fringes. 

By  knowing  the  distance  of  the  source  of  light  from  the  screen, 
and  by  measuring  the  distance  from  the  central  bright  band  to 
the  next,  that  is,  the  distance  AD,  the  value  of  S''D—S'D,  or  A, 
may  be  calculated. 

In  this  experiment,  if  red  light  instead  of  sodium  light  is  used, 
the  interference  fringes  will  be  formed  farther  apart,  and  if  blue 
light  is  employed,  the  bands  will  appear  nearer  together.  This  is 
conclusive  proof  that  red  light  is  of  longer  wave  length  than  sodi- 
um light,  while  both  are  of  longer  wave  length  than  blue  light. 
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Aeeordiiiiily,  if  the  soureo  is  one  Avhieh  emits  Avhite  light,  a  cen- 
tral white  band  will  be  formed  at  A,  since  A  is  equidistant  from 
S'  and  yS"'  for  all  colored  lights,  while  colored  fringes  Avill  occur 
on  both  sides  of  this  point,  the  colors  appearing  in  the  order  of 
the  colors  of  the  spectrum,  the  blue  being  always  nearest  the  cen- 
tral white  fringe,  Avhile  the  red  is  farthest  from  it.  A  series  of 
six  or  eight  of  these  colored  fringes,  each  comprising  all  the  colors 
of  the  spectrum,  may  usually  be  seen  on  each  side  of  the  central 
white  band. 

In  this,  as  in  all  other  cases  of  interference,  it  is  to  be  observed 
that  no  energy,  and  therefore  no  light,  is  lost,  but  that  it  is  merely 
redistributed.     In  other  words,  the  enei-gy  from  the  two  sources, 

which  would  other- 
wise produce  a  uni- 
form illumination 
upon  the  screen,  is 
now  divided  between 
the  light  and  dark 
bands,  and  there- 
fore remains  un- 
changed in  amount, 
although  differently 
disposed.  This  is 
shown  to  good  ad- 
vantage in  Fig.  492, 
which  is  from  a  photograph  of  the  interference  fringes  pro- 
duced in  the  manner  here  described  by  means  of  the  Fresnel  bi- 
prism. 


The  interference  fringes  produced  by  the 
Fresnel  bi-prisni. 


669.  Interference    Due    to    Thin    Films— The  Soap  Bubble. 

Whenever  a  beam  of  light  is  incident  upon  an  exceedingly  thin 
transparent  film,  such  as  a  thin  layer  of  oil  on  the  surface  of 
water,  or  the  sheet  of  air  enclosed  between  two  glass  plates,  or  the 
coating  of  oxide  which  covers  the  surface  of  a  lieat.?d  metal,  in- 
terference of  light  is  produced,  and  the  play  of  colors  seen  under 
these  circumstances  is  due  to  this  phenomenon.  These  colors 
may,  perhaps,  be  observed  to  the  best  advantage  in  the  thin  mem- 
brane of  water  forming  the  soap  bubble,  and  their  production 
may  be  explained  in  the  following  manner. 
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Fi<;.   493. 


The  iiiterforence  of  light  in  the  film  of 
water  forming  the  soap  bubble. 


Let  MM'NN',  Fig.  493,  represent  a  highly  magnified  section  of 
the  thin  film  of  water  of  which  the  soap  bubble  is  made,  and  let 
AB  be  a  ray  of  light  incident  upon  the  outer  surface.  As  this 
ray  meets  the  surface,  it  is  divided  into  tAvo  parts,  one  qf  which, 
BG,  is  reflected,  while  the  other,  BI),  is  refracted  and 'enters  the 
film.  At  the  lower  surface,  this  rny  BI)  is  again  divided  into  two 
parts,  one  being  re- 
fracted and  passing 
out,  and  the  other, 
DE,  being  reflected 
at  D.  The  ray  BE 
is  refracted  at  E 
and  passes  out  of 
the  film  in  the  direc- 
tion EF,  a  portion, 
however,  undergo- 
ing reflection  at  this 

point  and  remaining  within  the  medium.  It  is  Avith  the  re- 
fracted ray  EF  that  we  have  to  deal,  and  this  has  followed  the 
path  ABCDEF. 

Another  ray,  A'E,  parallel  to  the  ray  AB,  will  be  incident  at 
E,  and  this,  like  the  first,  will  be  divided  into  two  portions,  one  of 
which  EF,  will  be  reflected  at  E,  while  the  other  will  be  refracted 
and  enter  the  film.  In  this  instance  it  is  the  reflected  portion  EF 
of  this  ray  that  concerns  us  further.  Since  the  ray  A^E  is  paral- 
lel to- the  ray  AB,  tlie  ray  EF,  ivJiicli  leaves  ilie  film,  is  made  up 
of  two  parts  exactly  parallel  to  eacli  other,  one  of  ivliicli  came  ori- 
ginally from  tlie  ray  AB,  ivliile  tlie  otlicr  is  a  portion  of  tlie  ray 
A'E.  The  components  of  the  compound  ray  EF,  both  of  which 
had  their  origin  in  the  same  source,  are  therefore  capable  of  in- 
terfering ;  and  light  or  darkness  will  be  produced  in  the  direction 
EF  according  to  the  phase  in  which  these  two  rays  unite. 

The  rays  AB  and  A^E  may  be  considered  as  constituent  parts 
of  a  beam  of  light  of  which  BB'  is  the  wave  front  in  air,  and  CE 
is  the  wave  front  after  refraction.  That  is,  while  the  light  has 
travelled  from  J5'  to  E  in  the  air,  it  has  travelled  only  from  B  to 
C  in  the  denser  medium,  the  ratio  of  these  distances  being  the  in- 
dex of  refraction,  n.  Since  the  points  C  and  E  are  thus  in  the 
same  phase  of  vibration,  it  follows  that  the  component  of  the  ray 
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EF  which  came  from  the  ray  AB  has  travelled  farther  than  the 
component  which  came  from  the  ray  A'E  by  the  distance  from 
C  to  D  and  from  D  to  E.  But  this  distance  in  the  film  is  equiva- 
lent to  a  distance  n  times  as  great  in  air,  or  n  (CD-{-DE),  since 
11  is  the  factor  of  retardation. 

At  first  thought  it  would  seem  that  if  the  total  optical  path 
from  G  to  D  and  from  7)  to  E,  that  is,  a  distance  in  the  air  equi- 
valent to  n  {CD-\-DE),  were  exactly  half  a  wave  length  long,  the 
light  which  has  traversed  this  path  within  the  film  would  pro- 
ceed in  the  direction  EF  in  phase  opposite  to  that  of  the  light 
which  is  reflected  at  E.  The  result  of  this  would  then  be  that  the 
two  rays  forming  the  compound  ray  EF  would  vibrate  in  oppo- 
site phases,  and  each  would  destroy  the  other  by  interference.  It 
will  be  observed,  however,  that  the  reflection  of  one  of  these  rays 
occurs  at  D  from  a  denser  to  a  rarer  medium ;  and  therefore,  sine? 
light  waves  are  transverse,  this  takes  place  ivitlwui  cJiange  of 
sign  and  ivitJiout  cliange  of  pliasc  (p.  668),  while  the  other  reflec- 
tion occurs  at  E  from  a  rarer  to  a  denser  medium,  and  this  then 
takes  place  imth  cliange  of  sign  and  luitli  a  cliange  of  pliasc  of 
lialf  a  wave  lengtli. 

Accordingly,  in  estimating  the  difference  of  phase  which  exists 
between  the  two  components  of  EF,  an  additional  lialf  ivcvve 
lengtli  must  always  he  added  to  or  subtracted  from  tlie  difference 
of  pJiase  ivliicli  already  exMs  due  to  a  difference  of  distance  trav- 
ersed. Therefore,  if  the  optical  path  CD  +  DE  in  the  film,  or  its 
equivalent  distance  n(-CD-\-DE)  in  air,  is  a  half  wave  length 
long  or  any  odd  number  of  half  wave  lengths  long,  the  change  of 
phase  of  half  a  wave  length  which  occurs  in  the  reflected  ray  at 
E  will  bring  the  two  components  of  the  Compound  ray  EF  into 
the  same  phase,  and  light  will  be  restored  in  this  direction.  But 
if  the  optical  distance  CD-\-DE  in  the  film,  or  its  equivalent  dis- 
tance n(CD-\-DE)  in  the  air  is  a  whole  wave  length  or  any  num- 
ber of  whole  wave  lengths  long,  that  is,  if  tJie  two  components  of 
EF  would  otlierwise  he  in  tlie  same  pliase  due  to  a  difference  of 
path  alone,  the  chayige  of  phase  of  half  a  wave  length  ivliich  one 
undergoes  hy  reflection  will  bring  them  into  opposite  phase.  These 
two  components  in  opposite  phase  will  then  mutually  destroy 
each  other,  and  darkness  will  be  produced  in  the  direction  EF. 

Since  different  coldrs  have  different  wave  lengths,  the  path 
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n(CD-\-DE)  ^vill  ol)vi()iisly  l)e  an  exact  numher  of  ivliole  wave 
lengths  for  some  one  color  only,  and  it  is  this  color  alone  that 
will  be  dostroijcd  by  interference.  On  the  other  hand,  that  parti- 
cular color  for  which  the  path  n(CD-\-DE)  is  an  odd  numher  of 
half  ivave  lengths  long  iviU  he  reenforccd  in  the  compound  ray 
EF.  and  will  appear  brilliant  in  this  direction.  Therefore.,  if 
white  lift'ht  falls  upon|  the  soap  bubble  or  any  other  thin,  trans- 
parent film  in  the  direction  AB,  A^E,  light  will  be  transmitted  in 
the  direction  EF,  and  this  light  will,  in  general,  be  colored,  the 
particular  tint  being  a  mixture  of  all  the  colors  that  are  not  de- 
stroyed by  interference.  The  colors  .of  the  soap  bubble  and  of 
other  thin  films  are  therefore  not  pure,  as  are  the  colors  of  the 
spectrum,  but  consists  of  all  the  colors  composing  white  light 
minus  those  colors  which  have  thus  been  destroyed. 

If  the  film  MM'NN'  forming  the  bubble  were  infinitely  thin,  so 
that  the  ray  which  ti'averses  it  along  the  path  CDE  had  practi- 
cally no  farther  to  travel  than  the  one  wdiich  is  simply  reflected 
from  the  surface,  that  is,  if  the  film  were  so  thin  that  the  path 
CDE  is  practically  zero  for  all  wave  lengths,  then  the  difference 
of  phase  due  to  the  inequality  of  path  alone  would  be  negligible. 
The  two  components  of  EF,  however, 
would  still  be  in  opposite  phase,  due  to  the 
fact  that  one  had  undergone  reflection 
from  the  exterior  and  the  other  from  the 
interior  surface  of  a  denser  medium,  and 
therefore  one  component  would  have  suf- 
fered a  change  of  phase  of  half  a  w'ave 
length  while  the  other  would  not.  De- 
structive intei'ference  would  therefore 
take  place  for  all  colors,  and  the  film 
when  seen  hy  reflected  light,  would  appear 
hlack. 

If  a  soap  bubble  film  is  formed  on  a 
wire  ring  two  or  three  inches  in  diameter 
and  held  vertically,  gravity  will  caus:e  it 
to  settle  in  a  wedge-shaped  film.  Fig.  494, 

the  thin  edge  of  the  wedge  being  uppermost.  If  white  light 
falls  upon  this  film  of  varying  thickness,  part  will  be  reflected 
from  the  first  surface,  while  part  will  traverse  the  film  and  be 


Fig.  494.  Interference  of 
light  in  a  wedge-sbaped 
film. 
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reflected  from  the  rear.  If  these  two  beams  are  in  the  same 
phase,  light  will  be  produced,  but  if  they  are  in  opposite  phase 
light  will  be  destroyed.  Destructive  interference  occurs  when 
the  optical  path  of  the  ray  within  the  film  is  zero,  or  a  whole  wave 
length,  or  two  Avhole  wave  lengths,  and  so  on,  for  then  the  two 
components  are  in  opposite  phase,  due  to  the  change  of  phase 
of  half  a  wave  length  which  has  occurred  by  reflection  from  the 
rarer  to  the  denser  medium.  A  play  of  colors  will  therefore,  be 
seen  in  this  wedge-shaped  film,  the  colors  being  arranged  in 
horizontal  bands,  and  continually  changing  in  tint  as  the  film 
grows  thinner. 

Ultimately,  if  the  film  is  a  good  one,  the  thin  edge  will  have  a 
thickness  which  is  vanishingly  small  as  compared  with  the  length 
of  a  wave  of  light,  and  the  upper  portion  of  the  wedge  will  then 
appear  black,  since  at  this  point  it  is  of  zero  thickness  for  all 
wave  lengths.  At  points  farther  down,  as  at  B,  C,  D,  etc.,  the 
film  will  be  exactly  one  wave  length  thick,  two  wave  lengths  thick, 
three  wave  lengths  thick,  etc.,  for  some  one  color,  hence  at  these 
points  that  color  will  be  destroyed  by  interference,  and  the  light 
which  will  be  seen  is  a  mixture  of  all  the  other  colors  that  make 
up  white  light  except  the  one  thus  destroyed.  There  will  thus  be 
seen  a  series  of  colored  spectra  arranged  in  parallel  bands,  the 
colors,  however,  changing  in  a  most  beautiful  manner  as  gravity 
and  currents  of  air  cause  the  thickness  of  the  film  to  vary. 

670.  Newton's  Rings.  In  Newton's  rings  we  have  another 
beautiful  illustration  of  the  production  of  color  due  to  the  de- 
structive interference  of  light.  A  convex  lens  of  long  focal  length, 
when  placed  upon  a  plane  surface  of  glass,  Fig.  495,  encloses,  be- 
tween the  glass  plate  and  itself  a  thin  film  of  air  of  varying  but 
determinate  thickness.  When  white  light  falls  upon  this  system, 
part  of  the  light  which  enters  the  lens  is  reflected  from  the  lower 
curved  surface,  and  part  is  reflected  from  the  upper  surface  of 
the  plane  glass  plate.  Thus,  a  ray  of  light  AB  will  be  divided  in- 
to a  reflected  ray  BG,  and  into  the  refracted  ray  BD.  The  latter 
is  reflected  at  D  and  again  enters  tlie  lens  at  E,  passing  out  along 
EF.  At  E  another  ray,  A'E,  parallel  to  the  first  is  incident  upon 
the  lower  surface  of  the  lens  and  is  divided  into  two  parts,  one  of 
which  is  refiected,  while  the  other  is  refracted.    The  reflected  por- 
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Fig.   403. 


Interference  of  light  in  a  film  of  air,   pro- 
ducing Newton's  rings. 


tion  of  this  second  ray,  which  passes  likewise  along  EF,  coincides 
in  direction  ivith  iliat  portion  of  the  first  ray  ivliicli  lias  traversed 
tlic  tliin  layer  of 
air  BDE.  Interfer- 
ence, therefore, 
takes  place  be- 
tAveen  the  two  com- 
ponent parts  of  the 
ray  EF,  and  that 
color  for  which  the 
differeiice  of  phase 
of  these  two  com- 
ponents is  hall  a  wave  lenf>1h  is  destroyed  ])y  interfeivnce. 

By  drawing  npon  a  larger  scale  that  portion  of  the  diagram 
throngh  which  these  particular  rays  pass,  Fig.  496,  we  see,  as  be- 
fore, that,  while  BB^  is  the  wave  front  of  the  incident  beam  in 
the  lens,  CE  is  the  position  which  this  wave  front  assumes  in  the 
air-film  between  the  lens  and  the  plate.  In  other  words,  ijght 
travels  from  B  to  C  in  the  air  in  tlie  same  time  in  which  it  trav- 
els from  B'  to  E  in  the  lens.  The  points  C  and  E  are  therefore 
in  the  same  phase  of  vibration,  and,  accordingly,  one  of  the  two 
components  of  the  compound  ray  EF  has  travelled  the  optical  dis- 
tance from  C  to  D  and  from  D  to  E  farther  than  the  other.    If  no 

change  of  phase  due  to  reflection  had 
taken  place  in  either  of  these  com- 
ponents, and  therefore  if  the  only 
difference  in  their  phase  had  been 
due  to  a  difference  of  path  alone,  it 
is  evident  that  if  the  distance  CD 
-^DE  were  a  whole  wave  length  or 
any  numl)er  of  whole  wave  lengths 
long,  light  would  be  reenforced  in 
the  direction  EF ;  while  if  this  dis- 
tance were  a  half  Avave  length,  or 
any  odd  number  of  half  wave  lengths 
long,  light  would  be  destroyed  in  this 
direction  by  interference. 

Since  one  reflection,  hoAvever,  is  from  a  denser  to  a  rarer  me- 
dium, Avhile  the  other  is  from  a  rarer  to  a  denser  medium,  one  of 


Fig.  49G.  Details  of  the  produc- 
tion of  color  in  Newton's 
rinsrs. 
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these  components  has  changed  its  phase  with  respect  to  the  other 
by  half  a  wave  length,  this  change  undoubtedly  taking  place  in 
the  reflection  from  the  rarer  to  the  denser  medium  at  D.  There- 
fore, if  tlie  patli  CD-\-DE  in  the  air-film  is  a  lialf  wave  length  or 
any  odd  number  of  lialf  wave  lengths  long,  the  change  of  phase  of 
one  of  these  rays  by  half  a  wave  length  will  bring  the  two  com- 
ponents of  EF  into  the  same  phase,  and  light  will  be  produced  in 
this  direction.  But  if  the  path  CD-{-DE  is  zero,  or  a  ivhole  wave 
length,  or  any  numher  of  whole  wave  lengths  long,  then  the 
change  of  phase  of  half  a  wave  length  which  one  ray  has  under- 
gone by  reflection  at  I)  will  bring  the  two  components  of  EF  into 
opposite  phase,  and  light  in  this  direction  will  be  destroyed.  Ob- 
viously this  difference  of  path  will  be  a  whole  wave  length  for 
some  one  color  only ;  hence,  if  white  light  is  used,  this  color  alone 
will  be  destroyed  by  interference,  and  the  resulting  beam  EF  will 
be  colored,  the  tint  being  a  mixture  of  all  the  colors  which  make 
up;  white  light  except  the  one  which  has  thus  been  destroyed 

At  a  gi-eater  distance  from  the  center  of  the  lens  the  thickness 
of  the  air  film  increases,  hence  light  of  longer  and  longer  wave 
length  is  destroyed  in  this  way.  Accordingly,  the  light  which  is 
propagated  in  the  direction  EF  changes  in  color  as  we  recede 
from  the  center  of  the  lens,  until  a  point  is  found  where  the 
length  of  the  path  CBE  is  two  wave  lengths,  and  at  this  point  a 
mixture  of  undestroyed  colors  will  be  produced  which  is  the  same 
as  that  previously  obtained  when  this  difference  of  path  was  only 
one  wave  length.  Inasmuch  as  the  thickness  of  the  air  film  in- 
creases nearly  uniformly  between  these  two  points,  each  color 
throughout  the  spectrum  will  be  successively  destroyed  by  inter- 
ference, and  the  colors  transmitted  to  the  eye  from  intermediate 
points  will  assume  various  tints  which,  although  they  do  not  con- 
sist of  one  wave  length  only,  suggest  the  colors  of  the  spectrum. 
At  a  distance  farther  from  the  center,  a  point  Avill  be  found 
where  this  difference  of  path  is  three  Avave  lengths,  when  the  same 
phenomenon  will  be  repeated,  and  so  on.  Colored  bands  resem- 
bling spectra  are  therefore  formed  at  gradually  diminishing  dis- 
tances from  each  other;  and  inasmuch  as  a  certain  thickness  of 
the  air  film  is  uniform  in  a  circle  about  the  center  of  the  lens, 
these  bands  of  colored  light  are  circular  in  form,  Fig.  497. 

When  seen  by  reflected  light,  the  center  of  this  system  of  rings 
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is  black,  since  here  the  lens,  which  indeed  presses  upon  the  glass 
plate,  is  separated  from  the  latter  by  a  film  of  air,  the  thickness 
of  Avhich  is  exceedingly  small 
as  compared  even  Avith  the 
length  of  a  wave  of  light.  The 
difference  of  path  being  then 
practically  zero,  the  only  re- 
tardation produced  between 
the  two  components  of  the  ray 
EF  is  the  change  of  phase  of 
half  a  wave  length  which  one 
component  suffers  by  reflec- 
tion. Inasmuch,  however,  as 
this  change  occui^s  here  for  all 
wave  lengths,  it  follows  that 
destructive  interference  for 
all  colors  takes  place,  and  the 
cciitrr  of  flic  ring  system  is 
black. 


Fig.  40^ 


Newton's  rings 
matic  liglit. 


in   mouochro- 


671.  The  Use  of  the  Wave  Length  of  Red  Cadmium  Light 
a,s  the  Standard  of  Length.  By  means  of  an  exceedingly  in- 
genious device  known  as  the  interferometer,  ]\Iichelson  has  been 
able  to  apply  the  phenomenon  of  the  interference  of  light  to  the 
measurement  of  linear  distances.  The  main  features  of  this  in- 
strument and  the  principle  upon  which  its  operation  depends 
may  be  briefly  described  as  follows : 

The  light  from  a  source  -S*,  Fig.  498,  falls  upon  a  plate  of  glass 
ah,  which  is  coated  with  a  film  of  silver  so  thin  that  it  transmits 
practically  as  much  light  as  it  reflects.  The  incident  beam  SI^ 
falling  upon  this  half-silvered  mirror  at  /,  is  then  divided  into 
two  parts,  one  of  Avhich,  the  reflected  beam,  passes  back  through 
the  glass  and  is  refracted  to  the  mirror  M,  and  the  other,  the 
transmitted  beam,  passes  on  from  I  to  the  mirror  N.  The  mirrors 
M  and  .V  arc  placed  normally  to  these  beams  respectively,  so  that 
the  light  which  falls  upon  them  is  reflected  back  upon  itself. 
That  is,  the  light  which  falls  upon  M  is  reflected  back  to  I  and  is 
then  transmitted  to  the  eye  at  E,  while  that  which  falls  upon  N  is 
likewise  reflected  back  to  /  and  again  reflected  to  the  eye  at  E.  In 
the  path  of  the  latter  beam  is  placed  the  plate  of  glass  cd,  which 
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is  unsilvered  but  otherwise  exactly  like  ah,  so  that  each  of  these 
beams  may  pass  through  equal  thicknesses  of  glass.     Accordingly. 


M' 


Fig.  49S. 


Diagram  showing  the   principle   of  the 
interferometer. 


the  beam  of  light  be- 
tween I  and  E  con- 
sists of  two  parts, 
one  of  which  has  tra- 
versed the  distance 
from  I  to  M  and  back 
again  to  I,  while  the 
other  has  traversed 
the  path  from  I  to  N 
and  back  again  to  I. 
Inasmuch  as  the  two 
beams  of  light  be- 
tween I  and  E  origin- 
ally departed  from 
the  same  source,  they 
are  capable  of  inter- 
fering, and  Avill  pro- 
duce light  or  darkness  according  to  the  phase  in  which  they  meet. 
If  the  distance  from  I  to  ill  and  back  again  to  I  is  exactly 
equal  to  that  from  I  to  N  and  back  to  I,  destructive  interference 
will  occur  in  the  beam  IE,  and  darkness  will  be  produced  at  E. 
At  first  it  would  seem  that  thesQ  two  beams  would  be  in  the  same 
phase,  and  therefore  would  produce  reenforcement,  since  the 
lengths  of  the  two  paths  are  identical.  "We  see,  however,  that  the 
beam  which,  passes  from  I  to  M  is  reflected  at  I  from  a  denser  to 
a  rarer  medium,  and  so  undergoes  no  change  of  phase,  while  that 
which  returns  from  N  is  reflected  at  I  from  a  rarer  to  a  denser 
medium,  and  so  suffers  a  change  of  phase  equal  to  half  a  wave 
length.  This  brings  the  two  beams  between  I  and  E  into  oppo- 
site phase,  and  destructive  interference  occurs. 

If,  now  the  distance  from  I  to  one  of  these  mirrors,  M,  for  in- 
stance, is  increased  by  one-quarter  of  a  wave  length,  so  that  the 
beam  which  traverses  this  distance  in  going  and  returning  will 
lengthen  its  .path  by  half  a  wave  length,  the  two  interfering 
beams  between  I  and  E  will  then  be  in  the  same  phase,  so  that 
constructive  interference  w^ill  take  place  and  light  will  be  re- 
stored.    The    further    increase    of   this    distance    by    the   same 
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amount  will  bring  the  two  beams  again  into  opposite  phase,  and 
darkness  will  result,  while  an  additional  increase  of  this  distance, 
again  by  the  same  amount,  will  once  more  produce  illumination, 
and  so  on. 

This  succession  of  light  and  dark  bands  may  therefore  be  made 
to  pass  before  the  eye  by  so  mounting  the  mirror  at  M  that,  while 
its  plane  may  be  kept  always  parallel  to  itself,  its  distance  from 
/  may  be  gradually  increased.  Minimum  light  will  prevail  at  E 
when  the  path  from  I  to  71/  and  back  again  to  /  is  exactly  equal 
to  that  from  I  to  N  and  back  to  I,  or  when  the  former  path  ex- 
ceeds the  latter  by  a  Avhole  number  of  wave  lengths ;  while  illumi- 
nation will  be  produced  at  E  when  the  light,  in  passing  from  I  to 
M  and  back  again  to  I,  travels  half  a  Avave  length  or  any  odd 
number  of  half  wave  lengths  farther  than  that  which  traverses 
the  distance  from  I  to  N  and  back  to  /.  Accordingly,  by  counting 
the  number  of  interference  fringes  which  occur  at  E,  and  by 
carefully  measuring  the  distance  through  which  the  mirror  M 
has  been  moved,  the  number  of  wave  lengths  of  the  particular 
light  employed  Avhich  are  equivalent  to  this  linear  distance  may 
be  accurately  determined. 

After  an  examination  of  the  light  from  many  sources,  Michel- 
son  found  that,  of  the  three  bright  emission  lines  in  the  spectrum 
of  the  vapor  of  cadmium,  the  one  in  the  red  is  composed  of  light 
which  is  monochromatic,  that  is,  it  consists  practically  of  one 
wave  length  only.  It  was  then  apparent  that,  by  producing  in- 
terfeieiice  betAveen  tAvo  beams  of  this  light  in  the  method  de- 
scribed, and  by  counting  the  number  of  interference  fringes 
Avhich  passed  before  the  eye  as  the  mirror  M  Avas  moA^ed  through  a 
moRsuj-ed  distance,  it  Avould  be  entirely  possible  to  express  this 
distanc  e  as  equivalent  to  a  certain  number  of  Avave  lengths  of  this 
particular  kind  of  light.  This  Michelson  has  done  Avith  the  meter, 
and  has  found  that  the  international  meter  prototype  (p.  13)  is 
equivalent  in  length  to  1,553,163.5  AvaA'e  lengths  of  red  cadmium 
light. 

A  matter  of  far  greater  importance,  hoAvever,  is  attached  to 
this  investigation  than  the  mere  determination  of  the  number  of 
Avave  lengths  of  a  particular  light  Avhich  may  be  equivalent  to  a 
given  distance.  Inasmuch  as  the  Avave  length  of  red  cadmium 
light  depends  upon  the  period  of  the  electronic  vibration  Avithin 
the  cadmium  atom,  it  folloAvs  that  this  Avave  length  is  a  distance 
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which  is  absolutely  fixed  and  definite.  Moreover,  this  distance, 
though  small,  is  indestructible  and  unchanging  with  time,  and 
these  are  the  essentials  which  are  demanded  for  a  standard  of 
length  (p.  12).  These  conditions  are  met  by  no  other  known  dis- 
tance, so  that  practically  this  makes  the  wave  length  of  red  cad- 
mium light  our  future  standard  of  length.  Instead,  therefore,  of 
depending  for  a  standard  upon  the  length  of  a  particular  bar, 
with  all  the  attendant  possibilities  of  injury  or  destruction,  we 
have  here,  in  the  wave  length  of  red  cadmium  light,  a  standard 
of  length  which  fulfills  every  requirement,  in  that  it  is  absolutely 
invariable,  it  persists  for  all  time,  and  is  always  and  everywhere 
accessible. 

672.  The  Rectilinear  Propagation  of  Light.  Let  S,  Fig.  499, 
be  a  source  of  light,  and  mn  a  portion  of  a  spherical  wave  de- 
parting from  /S'  as  a  center.  Let  P  be  a  point  which  is  to  be  illu- 
minated by  the  light  which  proceeds  from  S.  We  are  to  inquire 
as  to  what  part  of  the  wave  front  the  illumination  at  P  is  due. 


n 

Fig.   499.     Each   element  of  the  wave  front  sends  light  to  a  distant  point. 

In  our  discussion  of  the  Huygens  construction  for  the  propaga- 
tion of  a  spherical  Avave  (p.  733),  we  have  seen  that  every  par- 
ticle upon  the  wave  front  must  be  considered  as  a  center  of  dis- 
turbance sending  out  spherical  waves  precisely  similar  to  those 
v/hich  depart  from  the  source  of  illumination  at  the  center.  Ac- 
cordingly, every  point  upon  the  wave  front  mn  is  in  vibration 
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and  is  sending  out  little  spherical  Avaves ;  and  the  result  at  P,  that 
is,  the  total  illumination  produced  at  this  point,  is  the  combined 
effect  of  the  waves  which  are  thus  sent  to  P  from  all  points  upon 
the  wave  front. 

If  PA  is  the  perpendicular  let  fall  from  P  upon  the  wave 
front,  we  can  divide  the  latter  surface  into  sections  AB,  BC,  CD, 
DE,  etc.,  such  that  the  distance- from  P  to  S  is  half  a  wave  length 
longer  than  that  from  P  to  A,  the  distance  from  P  to  C  is  half  a 
wave  length  longer  than  that  from  P  to  B,  and  so  on.  Since  all 
points  on  the  wave  front  are  in  the  same  phase  of  vibration,  it  is 
evident  that  the  light  which  reaches  P  from  B  is  half  a  wave 
length  behind  that  which  reaches  this  point  from  A,  since  it  has 
had  half  a  wave  length  farther  to  travel.  Therefore,  the  light 
which  comes  to  P  from  B  will  arrive  opposite  in  phase  to  the  light 
which  reaches  P  from  A,  and  hence  the  illumination  at  P  which 
the  light  from  A  would  produce  is  destroyed  through  interfer- 
ence by  the  effect  at  this  point  which  the  light  from  B  would  pro- 
duce. Similarly,  the  light  from  C  will  reach  P  opposite  in  phase 
to  the  light  from  D,  the  light  from  D  will  arrive  at  P  opposite  in 
phase  to  the  light  from  E,  and  so  on.  Moreover,  every  point  in 
the  section  DE  is  sending  out  light  which  will  reach  P  opposite 
in  phase  to  the  light  which  is  sent  out  from  a  corresponding 
point  in  the  section  CD,  and  therefore  if  CD  and  DE  were 
equally  large,  the  entire  disturbance  which  is  sent  out  from  CD 
would  be  destroyed  at  P  through  interference  by  the  disturbance 
which  is  sent  out  from  DE. 

In  the  same  way,  for  every  point  in  the  section  BC  there  is  a 
corresponding  point  in  the  section  AB  Avhich  will  send  out  light 
that  will  reach  P  in  opposite  phase.  Hence,  if  the  sections  AB 
and  BC  were  equally  large,  the  effect  at  P  of  the  light  from  the 
section  BC  would  be  entirely  destroyed  through  interference  by 
the  light  which  reaches  P  in  opposite  phase  from  the  section  AB. 
It  is  evident,  however,  that  these  sections  are  not  of  equal  size, 
but  that  the  section  AB  is  larger  than  the  section  BC,  BC  is 
somewhat  larger  than  CD,  CD  is  slightly  larger  than  DE,  while 
at  a  very  short  distance  from  A  the  sections  rapidly  become  prac- 
tically equal.  As  a  matter  of  fact,  the  section  CD  is  less  than 
1/10  larger  than  the  section  DE,  so  that  less  than  1/10  of  the  sec- 
tion CD  is  of  service  in  sending  light  to  the  point  P.  Also,  the  sec- 
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tioii  BC  is  only  about  half  as  large  as  the  section  AB,  and  there- 
fore while  half  of  the  section  AB  is  rendered  ineffective  in  send- 
ing light  to  P,  due  to  interference  from'  the  section  BC,  the  re- 
maining half  of  this  section  is  thus  operative,  and  P  is  therefore 
illuminated. 

Accordingly,  the  illumination  at  P  is  due  almost  wholly  to 
about  half  of  the  first  half  wave  section  or  half  period  element 
immediately  about  the  point  A,  while  the  light  which  would 
otherwise  reach  P  from  the  remaining  portions  of  the  wave  front 
is  entirely  destroyed  by  interference.  If  the  point  P  is  three  me- 
ters distant  from  A,  the  region  of  the  Avave-front  which  is  effect- 
ive in  sending  light  to  P  is  probaljly  not  more  than  1  millimeter 

m 


Fig.  500. 


A  series  of  small  screens,  by  Intercepting  portions  of  the  wave  front, 
prevent  the  interference  which  would  otherwise  take  place. 


ill  extent.  This  small  area  about  the  point  A  to  Avhieh  the  illumi- 
nation at  P  is  almost  entirely  due,  is  called  ilie  pole  of  the  ivave. 
It  is  to  be  observed  that  the  pole  of  the  wave  is  on  the  perpendic- 
ular let  fall  from  the  point  P  upon  the  wave,  and  therefore  the 
line  SAP  is  a  straight  line.  That  is,  it  is  only  the  portion  of  the 
light  emanating  from  ;S^  and  proceeding  in  the  direction  8 A  that 
is  effective  in  producing  illumination  at  the  point  P,  or,  in  other 
words,  the  light  ivhicli  reaches  P  is  propagated  in  a  straight 
line  from,  the  source  S.  We  see,  therefore,  that  the  light  which 
illuminates  P  cannot  follow  the  paths  SBP,  SCP,  SDP,  and  so  on, 
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hut  that  it  advances  in  the  straight  line  SAP.  From  this  it  is 
evident  that  Uglit  travels  in  straiglit  lines  because  of  interference. 
If  small  screens,  Fig.  500,  ai'e  placed  at  BC,  BE,  etc.,  the  inter- 
ference which  results  from  these  portions  Avill  be  prevented,  and 
the  light  at  P  will  be  greatly  increased.  In  this  case  the  light  no 
longer  passes  only  in  straight  lines  from  >S'  to  P,  but  also  pro- 
ceeds from  8  to  P  by  the  paths  SCP,  SDP,  and  so  on.  Therefore, 
ivlicn  interference  is  prevented,  liglit  docs  not  travel  in  straiglit 
lines. 

673.  The  Principle  of  Least  Time.  Tlie  important  truth 
Avhieh  is  here  presented,  namelj',  that  liglit  travels  in  straiglit 
lines  because  of  interference,  shows,  furthermore,  that  the  light 
which  is  effective  in  illuminating  P  is  that  which  reaches  this 
point  in  tlic  shortest  time  from  the  wave  front.  This  is  but  one 
instance  of  a  very  general  laAV,  the  statement  of  w^hich  is  due  to 
Fermat.  that  wlien  liglit  passes  from  one  point  to  another,  even 
though  it  undergoes  many  reflections  and  refractions,  it  pursues 
the  path  by  ivhicli  it  can  travel  in  the  least  time.  Moreover,  the 
fact  that  the  light  which  illuminates  a  point  proceeds  to  that 
point  only  from  the  pole  of  the  wave  is  conclusive  proof  that  in  a 
homogeneous  isotropic  medium,  that  is,  one  possessing  the  same 
properties  in  all  directions,  light  is  propagated  in  a  direction  nor- 
mal to  the  Avave  front. 

674.  Diffraction.  If  a  screen  XY,  Fig.  501,  is  now  so  placed 
as  to  intercept  that  portion  of  the  Avave  front  below  A,  the  point 
P  Avill  be  almost  entirely  unaffected,  provided  only  that  this 
screen  does  not  intercept  the  half  period  element  about  A.  The 
line  AP  will  therefore  mark  the  boundary  of  the  geometrical 
shadow,  the  region  above  this  line  being  illuminated  and  the  part 
belo-w  being  in  the  shadow,  A  careful  examination  of  the  boun- 
dary of  the  shaded  portion  will  show,  hoAvever,  that  tlie  shadoAv 
is  not  perfectly  sharp,  even  though  the  source  of  light  ;Sf  be  a 
single  point,  but  that  some  of  the  light  does  bend  around  the  edge 
of  the  screen  XY  and  proceeds  into  tlie  shadow,  so  that  a  point  P' 
a  little  beloAV  the  line  AP  is  faintly  illuminated. 

If  Ave  consider  the  point  P^  Fig.  502,  Avithin  the  geometrical 
shadow,  but  very  near  the  line  .1/*,  Ave  shall  see  how  it  is  that 
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some  of  the  light  from  the  wave  front  does  bend  into  the  shaded 
region  and  is  effective  in  faintly  illuminating  P'.  If  we  draw  a 
perpendicular  P'A'  from  P'  to  the  wave  front,  and  then,  as  be- 
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shadow. 

fore,  lay  off  points,  A%  B',  C  I)',  E',  upon  the  wave  front  which 
are  successively  half  a  wave  length  farther  from  P',  P^  will  be 
brightly  illuminated  if  the  screen  XY  does  not  intercept  the  first 
half  period  clement  A^B'.    But  if  the  screen  intercepts  this  first 


Fig.  502.     The  edge  of  the  geometrical  shadow  is  not  perfectly  sharp,   due  to  a 
slight  bending  of  the  light  around  the  edge  of  an  object. 

half  period  element,  as  in  Fig.  502,  then  P'  would  be  in  total 
darkness  and  the  shadow  would  be  perfectly  sharp  in  the  half 
period  element  B'C  were  exactly  equal  to  the  half  period  ele- 
ment CD',  and  if  B'E'  were  exactly  equal  to  E'F\  In  that  case. 
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the  light  which  woiikl  reach  P'  from  B'C  would  be  entirely  de- 
stroyed through  interference  by  the  light  which  Avould  reach  this 
point  from  CD'  and  the  light  from  D'E'  would  destroy  at  P' 
the  light  from  E'F'.  But  B'C  is  about  one-fifth  greater  than 
CD',  hence  there  will  remain  about  one-fifth  of  B'C^  which  is 
not  destroyed  by  the  interference  of  CD',  and  hence  this  small 
part  of  B'C  will  be  effective  in  sending  light  to  P'. 

In  the  same  way,  inasmuch  as  D'E'  is  slightly  larger  than  E'F\ 
there  will  bo  a  very  small  part  of  D^E'  which  is  not  destroj^d 
through  interference  by  E'F',  and  therefore  this  small  unde- 
stroyed  part  of  D'E'  will  be  effective  in  sending  light  to  P'. 
Therefore,  if  P'  is  very  close  indeed  to  the  boundary  of  the  geo- 
metrical shadow,  it  will  be  faintly  illuminated,  not,  indeed,  by 
light  from  the  pole  of  the  wave,  but  by  the  light  which  proceeds 
from  the  undestroyed  part  of  the  three  or  four  half -period  ele- 
ments immediately  above  the  pole.  As  P'  proceeds  farther  into 
the  geometrical  shadow,  and  the  oblifpiity  of  the  lines  drawn 
from  the  edge  of  XY  to  P'  increases,  the  intensity  of  the  light  at 
P'  decreases  very  rapidly,  and  therefore,  at  a  very  short  distance 
from  the  boundary  of  the  geometrical  shadoAV,  P'  is  in  a  region 
of  total  darkness.  It  is  thus  obvious  that  ilie  outline  of  a  sliadow 
is  not  perfectly  sliarp,  hut  tJiat  light  really  does,  to  a  very  slight 
extent,  bend  around  the  edge  of  an  obstacle  and  penetrate  into 
the  geometrical  shadow. 

This  deviation  of  light  from  a  straight  line  as  it  passts  the  edge 
of  an  opaque  body,  and  its  propagation,  although  to  a  limited 
degree,  into  the  region  of  the  shadow,  is  called  diffraction.  Be- 
cause of  the  phenomenon  of  diffraction,  therefore,  the  boundary 
of  a  shadow  is  not  perfectly  sharp,  and  hence  it  is  true  that  light 
does  not  travel  strictly  in  straight  lines.  Likewise  because  of  this 
phenomenon,  an  illumination  does  exist  for  an  exceedingly 
short  distance  within  the  geometrical  shadow,  so  that  the  intens- 
ity of  the  light  diminishes  very  rapidly,  though  not  abruptly, 
from  the  boundary  of  the  geometrical  shadow  to  the  region  of 
total  darkness. 

675.  Young- 's  Interference  Experiment.  The  celebrated  ex- 
periment of  Thomas  Young,  which  proved  to  be  the  crucial  test 
of  vhe  wave  theory  of  light,  depended  in  reality  upon  the  phe- 
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nomenou  of  diffraction,  or  the  bending  of  light  into  the  geomet- 
rical shadow. 

T.iirough  a  minute  opening,  S,  Fig  503,  Young  admitted  sun- 
light into  a  darkened  room,  and  in  the  slender  beam  of  light  so 
formed  he  placed  a  screen  with  two  pinhole-openings,  S^  and  S^\ 
These  two  openings  were  thus  upon  the  surface  of  a  spherical 
wave  front  of  light  which  had  departed  from  S  as  a  center,  and 
so  were  in  the  same  phase  of  vibration.  Accordingly,  spherical 
wavelets,  also  in  the  same  phase  of  vibration,  then  emanated  from 
these  openings  as  centers,  and  advanced  to  the  distant  screen 
il/iV.     Here  two  bright  spots,  Z'  and  Z",  were  produced,  these  be- 
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I'onng's  interference  experiment,  demonstrating  tbe  wave  theory  of 
ligbt. 


ing,  indeed,  the  direct  illuminations  from  S,  since  S^  and  S^'  were 
upon  the  poles  of  the  waves  which  proceeded  to  P  and  7''  respect- 
ively. Furthermore,  by  the  above  phenomenon  of  diffraction, 
the  light  from  S^  and  S'^  underwent  a  bending  at  the  edges  of 
these  openings,  and  penetrated  into  the  shadow  cast  by  the 
opaque  screen. 

Between  the  points  7'  and  7",  Young  observed  a  series  of  light 
and  dark  bands,  which  he  interpreted  correctly  as  being  the 
points  at  which  the  waves  from  S^  and  >S"'  met  in  the  same  or  in 
opposite  phase.  The  point  A,  midw^ay  between  7'  and  7'',  was 
a  point  of  illumination,  since  it  w^as  equidistant  from  S^  and 
S^',  and  the  waves  which  departed  from  these  openings  met  at 
A  in  the  same  phase.  Similarly,  B  and  C  were  points  of  dark- 
ness, since  the  light  from  one  of  the  openings  had  to  travel  half 
a  wave  length  farther  to  each  of  these  points  than  light  from  the 
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other  opening.  Therefore,  the  light  from  the  two  openings 
met  at  these  points  in  opposite  phase,  and  each  destroyed  the 
other  by  mutual  interference.  Other  light  bands  were  likewise 
found  at  points  on  the  screen  which  differed  in  distance  from 
the  two  openings  by  one  wave  length,  two  wave  lengths,  and  so 
on,  that  is,  by  an  even  number  of  half  wave  lengths,  while  other 
dark  bands  were  also  found  at  points  which  differed  in  distance 
from  the  two  openings  by  an  odd  number  of  half  wave  lengths. 
By  intercepting  the  light  from  either  one  of  the  openings,  the 
bands  instantly  disappeared,  thus  proving  conclusively  that 
the  alternations  of  light  and  darkness  which  had  been  observed 
had  been  points  of  reenforcement  or  destruction,  due  to  the  ef- 
fect of  the  light  from  the  opening  which  was  now  obscured. 
The  phenomenon  of  destructive  interference,  however,  was  one 
which  the  corpuscular  theory  of  light  failed  completely  to  ex- 
plain, while  it  was,  as  Young  proved,  fully  interpreted,  and,  in- 
deed, demanded,  by  the  wave  theory.  Notwithstanding  this 
demonstration,  the  wave  theory  of  light  for  an  entire  generation 
still  failed  of  general  acceptance. 

676.  The  Diffraction  Grating.  The  scries  of  small  screens 
(p.  860)  which  serve  to  intercept  portions  of  the  wave  front  and 
thus  to  prevent  interference,  is  called  a  diffraction  grating,  or, 
more  simply,  a  grating.  Inasmuch  as  these  screens  intercept  a 
portion  of  the  wave  front  Avhich  would  ordinarily  produce  inter- 
ference, the  rectilinear  propagation  of  light  can  no  longer  be 
maintained,  and  light  is  transmitted  into  regions  ivhich  ivoidd 
otlierivise  he  witliin  tlie  geometrical  sliadow. 

Since,  in  general  wdth  the  grating,  it  is  important  to  use  a 
plane  wave  front,  the  screens  are  placed  upon  a  plane  surface 
and  are  equidistant.  Formerly  they  consisted  of  a  number  of 
carefully  arranged  wires,  separated  from  one  another  by  equal 
spaces ;  but  in  later  years  they  are  made  by  ruling  upon  a  piece 
of  glass  or  polished  speculum  metal  a  scries  of  fine,  parallel,  equi- 
distant lines,  at  the  rate  of  several  thousand  to  the  centimeter. 
The  metallic  grating  then  constitutes  what  is  laiown  as  the  re- 
flection grating,  while  the  one  ruled  on  glass,  which  is  the  only 
one  Ave  shall  here  consider,  is  called  the  transmission  grating.  Al- 
though it  is  undoubtedly  true  that  the  scratches  upon  the  glass 
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are  not  perfectly  black,  they  serve  at  least  to  interrupt  the  con- 
tinuity of  the  wave  front,  and  to  destroy  the  uniformity  of  phase 
which  there  exists.  These  scratches  may  therefore  be  regarded 
as  a  series  of  opaque,  equidistant  screens,  which  intercept  por- 
tions of  the  wave  front,  and  which,  accordingly,  prevent  inter- 
ference in  certain  directions. 

The  prevention  by  the  grating  of  destructive  interference,  and 
its  action  in  transmitting  light  into  regions  which  would  other- 
wise be  in  darkness,  may  be  explained  with  the  aid  of  the  follow- 
ing diagrams.  Fig  504  shows  a  highly  magnified  cross-section  of 
the  ruled  surface,  the  grooves  or  furrows  of  which  must  be  con- 
ceived as  drawn  perpendicular  to  the  plane  of  the  paper.  The 
width  of  each  groove  is  represented  by  the  heavy  lines  AB,  CD, 
EF,  etc.,  while  the  width  of  the  clear  spaces  between  the  scratches 
is  indicated  by  the  openings  BC,  BE,  FG,  etc.  The  grooves,  or 
furrows,  thus  serve  as  the  opaque  screens  which  arc  to  intercept 
m  portions  of  the  wave  front,  thereby  producing  the 
\i  phenomenon  of  diffraction  in  the  manner  to  be  de- 
i\  scribed,  while  the  alternate  spaces  are  the  openings 
through  which  light  passes  from  the  distant  source  at 
the  left,  mn  represents  a  wave  front  advancing  to- 
wards the  grating  from  a  source  so  distant  that  the 
rays,  which  are  indicated  by  arroAvs,  may  be  consid- 
ered as  parallel,  and  the  wave  front  may  be  regarded 
as  plane.  Indeed,  the  vertical  lines  to  the  left  may 
be  considered  as  a  succession  of  wave  fronts,  each  of 
which  is  distant  from  the  next  by  one  wave  length  of 
light.  Inasmuch  as  all  points  upon  the  wave  front 
^     consist  of  particles  which  are  executing  similar  vi- 

FiG.  504.  The  ^  ° 

diffraction  bratioiis  at  the  same  time,  it  follows  that  the  surface 

grating. 

of  the  grating  is  continually  the  locus  of  particles 
which  are  in  the  same  phase  of  vibration. 

Therefore,  by  Iluygens's  construction  for  the  propagation  of 
a  wave  front  (p.  733),  we  see  that  every  point  of  each  opening 
must  be  considered  as  a  center  of  disturbance  sending  out  little 
spherical  wavelets  which  are  all  in  the  same  phase  of  vibration, 
and  that  the  envelope  of  all  these  little  wavelets  is  the  new  wave 
front.     Inasmuch  as  it  is  impossible  for  us  to  consider  every 
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point  in  each  opening,  wc  shall  here  select  only  what  may  be 
called  corresponding  points,  that  is,  points  Avhich  are  similarly 
situated  in  each  aperture,  such  as  the  point  A  in  the  first  open- 
ing, C  in  the  second,  E  in  the  third,  and  so  on.  The  distance  be- 
tween corresponding  points,  which,  indeed,  is  the  distance  be- 
tween the  rulings  on  the  grating,  is  known  as  the  grating  space. 


Fig.  503.     The  formation  of  the  white  central  image. 


Accordinjl}-,  when  the  vibration  which  originates  at  A  has 
travelled  one  wave  length,  Fig.  505,  this  disturbance  is  found  up- 
on the  surface  of  a  little  splierical  wavelet  which  has  one  wave 
length  as  a  radius.  Inasmuch,  hoAvever,  as  the  vibration  at  C  is 
in  the  same  phase  as  that  at  A,  the  disturbance  which  goes  out 
from  C  is  likewise  found  upon  the  surface  of  a  little  spherical 
Avavelet,  the  radius  of  which  is  one  wave  length.  The  same  holds 
true  also  for  E,  for  G,  and  for  the  corresponding  point  of  every 
opening  of  the  grating.  The  envelope  of  the  little  splierical 
wavelets  gives  a  new  wave  front  on  the  other  side  of  the  grating, 
so  that  at  least  a  portion  of  the  light  which  passes  through  the 
openings  continues  as  a  plane  wave,  the  wave  front  lieiiig  paral- 
lel to  the  grating  surface  and  to  the  wave  fronts  before  reaching 
the  grating.  Moreover,  if  the  above  is  true  for  light  of  one  color, 
and  therefore  for  one  wave  length,  the  same  is  likewise  true  for 
light  of  another  color  and  a  different  wave  length.  If,  then, 
wMte  light  advances  towards  the  grating,  the  wave  fronts  of 
lights  of  different  colors  will  still  remain  parallel  to  Ihomselves 
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after  passing  through  the  grating,  and  the  light  which  is  thus 
transmitted  by  the  grating  still  remains  Avhite. 

If,  now,  a  converging  lens  is  placed  with  its  principal  axis  per- 
pendicular to  the  grating  and  to  the  advancing  wave  fronts,  it 
will  converge  these  wave  fronts  to  a  point  at  its  principal  focus, 
where  they  will  all  meet  in  the  same  phase,  the  greater  thickness 
of  the  central  portion  of  the  lens  just  compensating  for  the 
shorter  distance.  In  other  words,  the  optical  distance  from  every 
point  on  a  plane  wave  front  through  the  lens  to  the  focus  is  the 
same.  The  first  effect  of  the  grating,  therefore,  is  to  produce  a 
white  spot  of  light,  known  as  the  ivliite  central  image,  on  the  prin- 
cipal axis  of  the  lens,  and  at  its  principal  focal  distance. 

It  is  possible,  however,  to  form  another  envelope  of  the  wave- 
lets w^hich  emanate  from  corresponding  points  of  the  grating 
openings,  as  may  be  seen  in  Fig  506.    Since  the  points  A,  C,  E,  G, 


Fig.  500. .    The  production  of  red  light  in  the  spectrum  of  the  first  order. 


etc.,  are  in  the  same  phase  of  vibration,  it  follows  that,  after  the 
disturbance  Avhich  leaves  A  has  advanced  exactly  one  wave 
length,  it  is -then  in  the  same  phase  of  vibration  as  the  next  dis- 
turbance which  is  ahout  to  leave  C.  Accordingly,  the  line  drawn 
from  C  tangent  to  the  wavelet  at  c  represents  the  euA^elope  of 
points  which  are  in  the  same  phase  of  vibration.  In  a  similar 
manner,  after  the  disturbance  from  A  has  advanced  exactly  two 
wave  lengths,  that  from  C  has  travelled  one  wave  length,  and  that 
from  E  is  about  to  start.    Thus  the  line  Ee,  which  is  the  envelope 
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of  these  points  which  arc  in  the  same  phase  of  vibration,  is  like- 
Avise  a  Avave  front.  So,  also,  is  Gg  a  wave  front,  and  so  on,  and 
we  see  that  light  is  propagated  perpendicularly  to  these  Avave 
fronts. 

The  light,  hoAvever,  Avhich  is  transmitted  in  this  direction  is 
not  Avhite,  since  the  distance  Ac,  Avhieh  is  exactly  one  Avave 
length,  can  he  a  wave  length  for  some  one  color  only.  Therefore, 
since  lights  of  different  colors  have  different  Avavc  lengths,  light 
of  one  color  only,  such  as  red,  is  transmitted  in  a  direction  per- 
pendicular to  the  system  of  Avave  fronts  Cc,  Ee,  Gg,  etc.  The 
converging  lens,  still  remaining  Avith  its  principal  axis  perpendic- 
ular to  the  plane  of  the  grating,  Avill  thus  bring  light  of  this 
particular  color  to  a  focus  at  R  upon  a  secondary  axis,  that  is, 
upon  a  line  through  the  optical  center  of  the  lens  perpendicular 
to  the  advancing  AA-ave  fronts. 

Furthermore,  if  Ave  construct  a  similar  diagram  for  violet 
light,  Avhich,  as  Ave  knoAv,  is  of  shorter  Avave  length  than  red.  Fig. 
507,  Ave  shall  find  that,  as  Ac  is  noAv  shorter,  the  Avave  fronts  Cc, 


Fig 


The  production  of  violet  light  in  the  siiectrum  of  the  first  order. 


Ee,  Gg,  etc.  are  inclined  at  a  smaller  angle  to  the  surface  of  the 
grating.  The  lens  will  then  bring  these  wave  fronts  to  a  focus  at 
the  point  V,  A\diich  is  on  the  secondary  axis  perpendicular  to  the 
Avave  fronts,  Avhere  V  lies  nearer  than  R  to  the  Avhite  central  im- 
age. Those  colors  whose  Avave  lengths  are  intermediate  between 
violet  and  red  Avill  then  be  In-ought  to  foci  at  points  intermediate 
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between  V  and  R;  so.  that  if  white  light  falls  upon  the  grating,  it 
is  resolved  into  its  component  colors,  and  a  spectrum  is  produced. 
It  is  to  be  observed,  however,  that  the  colors  in  tlie  grating  spec- 
trum are  arranged  in  an  order  ivliicJi  is  tlie  reverse  of  tJiose  in 
tlie  prismatic  spectrum;  for  wliile  violet  in  tlie  prismatic  spec- 
trum is  deviated  most,  tJiis  color  in  tlie  grating  spectrum  is  devi- 
ated least.  Moreover,  the  deviation  of  a  particular  color  is  seen 
to  depend  upon  the  distance  Ac,  that  is,  upon  the  wave  length  of 
this  particular  colored  light.  Accordingly,  the  various  colors  of 
the  spectrum  VR,  which  are  thus  seen  to  be  found  in  the  princi- 
pal focal  plane  of  the  converging  lens,  are  distant  from  the  white 
central  image  by  amounts  which  are  exactly  proportional  to  their 
various  wave  lengths.  On  this  account,  the  grating  spectrum,  or 
the  diffraction  spectrum,  as  it  is  called,  is  also  known  as  a  normal 
spectrum. 

The  spectrum  here  described  is  loiown  as  tlie  spectrum  of  tlie 
first  order.  It  is  possible,  however,  also  to  construct  another  en- 
velope of  wavelets  which  are  in  the  same  phase  of  vibration,  as 
these  pass  through  corresponding  points  of  the  grating.  By  re- 
ferring to  Fig.  508,  we  sec  that  after  the  disturbance  which  leaves 


Fig.  508.     The  production  of  red  light  in  the  spectrum  of  the  second  order. 


A  has  advanced  two  whole  wave  lengths  for  light  of  some  one 
color,  such  as  red,  it  will  then  likewise  be  in  the  same  phase  of 
vibration  as  the  disturbance  which  is  about  to  leave  C,  so  that  the 
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envelope  of  these  wavelets  forms  a  new  wave  front  for  red  light. 
Also,  after  the  disturbance  which  leaves  A  has  advanced  four 
wave  lengths,  that  from  C  has  travelled  tw^o  wave  lengths,  and 
that  from  E  is  about  to  start.  These  three  wavelets  are  then  in 
the  same  phase  of  vibration,  and  their  envelope  constitutes  a  new 
wave  front  for  red  light,  and  so  on. 

Accordingly,  we  see  that  at  an  angle  greater  than  that  which 
was  shown  in  Fig.  50G,  red  light  will  again  be  restored  by  the 
grating;  and  also,  at  an  angle  greater  than  that  shown  in  Fig. 
507,  violet  light  will  likewise  be  restored.  Colors  intermediate 
betw^een  these  two  will  then  be  transmitted  to  intermediate  points, 
the  whole  forming  what  is  known  as  the  spectrum  of  the  second 
order.  The  angular  deviation  of  this  spectrum  from  the  white 
central  image  is  thus  seen  to  be  greater  than  that  of  the  spectrum 
of  the  first  order.  In  a  similar  way,  spectra  of  the  third,  the 
fourth,  and  even  the  fifth  orders  may  be  formed.  Moreover,  since 
the  wave  fronts  might  have  been  drawn  with  inclinations  up- 
Avards  as  well  as  downward,  it  is  seen  that  a  similar  series  of 
spectra,  also  in  the  focal  plane  of  the  lens,  but  on  the  opposite 
side  of  the  white  central  image,  will  be  formed. 

It  is  obvious  that,  without  the  grating,  the  only  effect  of  the 
advancing  wave  front,  as  it  passes  through  the  lens,  would  be  to 
produce  this  white  central  image.  In  this  case,  each  portion  of 
the  wave  front  would  destroy  by  interference  the  light  which 
would  otherwise  be  transmitted  from  adjacent  portions  of  the 
wave  front  to  points  which  are  now  in  the  shadow.  When,  how- 
ever, the  grating  is  in  position,  its  ruled  lines  intercept  those  por- 
tions of  the  wave  front  which  would  produce  interference,  so 
that  light  ceases  to  travel  in  straight  lines,  and  is  propagated  in- 
to regions  which  would  otherwise  be  without  illumination. 

In  addition  to  the  advantages  which  the  grating  possesses  in 
producing  a  normal  spectrum  of  high  dispersion,  is  the  readiness 
with  which  this  device  lends  itself  to  the  measurement  of  the  wave 
length  of  light.  Let  us,  for  the  present,  confine  our  attention  to 
the  spectrum  of  the  first  order,  and  consider  the  wave  fronts  of 
light  of  a  particular  color,  such  as  red,  Fig.  509.  If  those  wave 
fronts  are  inclined  at  the  angle  6y  to  the  surface  of  the  grating, 
we  then  know  that  light  of  this  color  is  propagated  in  a  direction 
at  right  angles  to  these  wave  fronts,  and  therefore  at  the  angle 
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0^  with  the  direction  in  which  the  white  light  which  forms  the 
white  central  image  is  propagated.  This,  hoAvever,  is  possible  only 
when  the  perpendicular  from  C,  let   fall   upon  the   ray   which 

leaves  A,  intercepts  the  distance  Ac, 
wliich  is  exactly  one  wave  length,  or  A, 
for  light  of  this  particular  color.  Fur- 
thermore, if  I  is  the  distance  between 
corresponding  points  of  the  grating, 
or  the  grating  space,  we  see  that 

7  =  "^^ '- 

or 


Fig.  509.  The  use  of  the  grat- 
ing in  the  measurement  of 
the  wave  length  of  light. 


X  =  l  sin  ^1. 


For  the  spectrum  of  the  second  order.  Fig.  508, 

2  X         .     n 

=  sin  t^v, 

I 
or 

X=:   I/2I  sin  62 

and  for  the  spectrum  of  the  n  the  order 

«  X        .     /) 

=  sm  c'/i, 

or 

A  :=  —   I  sin  ^n. 


Here  0  is  the  angle  by  which  the  light  of  any  particular   wave 
length  is  deviated  from  its  original  direction.     I  may  be  deter- 
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mined  by  measuring  with  a  microscope  the  distance  from  groove 
to  groove  ^^pon  the  grating,  or,  more  accurately,  by  counting  the 
number  of  lines  to  the  centimeter  when  the  grating  is  ruled.  This 
number  is  always  given  with  the  grating,  and  is  known  as  the 
grating  constant.  Since  the  two  quantities  upon  which  A  depends 
are  now  known,  the  wave  length  of  this  particular  colored  light 
may  be  determined  with  great  accuracy. 

Measured  in  this  way,  the  wave  length  of  sodium  light  is  found 
to  be  approximately 

A  =  0.0005896  millimeters. 

With  the  knowledge  of  the  wave  length  of  light,  and  with  the  aid 
of  the  fundamental  equation  for  the  propagation  of  wave  motion 
(p.  679),  namely, 

nX  =  V, 

where  V  is  the  velocity  of  light,  it  is  possible  also  to  determine  n, 
of  the  number  of  vibrations  per  second.    Remembering  that 

V  =:  300,000  kilometers  per  second, 

or 

V  =  300,000,000,000  millimeters  per  second, 

Ave  see  that 


_  300,000,000,000 
0.0005896         ' 


from  which 


n  =  508,800,000,000,000, 


or  approximately  500  million  million,  which  is  the  number  of  vi- 
brations per  second  made  by  sodium  light. 


CHAPTER  LVII. 


THE   POLARIZATION   OF   LIGHT 


677.  Polarization  by  Reflection.  In  the  preceding  treat- 
ment of  light,  including  reflection,  refraction,  dispersion,  and  in- 
terference, no  reference  has  been  made  as  to  the  direction  of  vi- 
bration of  the  particles  which  constitute  the  ether  waves.  Indeed 
these  various  phenomena  might  be  brought  about  equally  well  by 
longitudinal  or  by  transverse  vibrations,  or  by  vibrations  which 
are  confined  to  a  single  plane  or  by  those  taking  place  in  many 
planes.  It  is,  therefore,  by  experiments  of  a  nature  different 
from  the  more  familiar  ones  heretofore  considered  that  all  ques- 
tions which  have  to  do  with  the  character  of  the  ether  vibrations, 
as  well  as  the  nature  of  the  waves  to  which  these  vibrations,  give 
rise,  must  be  answered. 

From  the  fact  that  a  beam  of  ordinary  light  may  be  reflected 
or  refracted  or  may  suffer  interference  in  one  direction  as  well 
as  in  any  other,  it  is  evident  that  this  beam  of  light  is  alike  on 
all  sides,  or  that  it  has  properties  on  one  side  which  are  precisely 
the  same  as  those  on  any  other.  These  effects  might  be  produced 
equally  well,  so  far  as  these  alone  are  concerned,  if  the  vibra- 
tions constituting  this  beam  were  longitudinal  or  if  they  were 
transverse,  provided,  however,  in  the  latter  case,  that  the  trans- 
verse vibrations  were  to  take  place  in  all  possible  planes,  so  as 
to  present  conditions  which  are  absolutely  the  same  on  every 
side  of  the  ray.  It  is,  therefore  only  when  a  beam  of  light  can 
be  made  unsymmetrical,  that  is,  when  it  can  be  so  altered  as  to 
have  properties  on  one  side  which  it  does  not  possess  on  another, 
that  conclusions  may  be  drawn  as  to  the  character  of  the  vibra- 
tions of  which  this  beam  is  composed.  Such  a  lack  of  symmetry 
may  indeed  be  produced  by  means  of  the  following  simple  exper- 
iment : 

If  a  ray  of  ordinary  light  from  a  source  S,  Fig.  510,  falls  up- 
on a  piece  of  unsilvered  glass  at  A,  the  angle  of  incidence  being 
57°,  the  light  is  divided  into  two  portions,  one  of  which  AB  is. 
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reflected,  while  the  other  is  refracted.  If  the  mirror  is  now  turned 
so  as  to  reflect  the  ray  SA  in  all  possible  planes,  without,  how- 
ever, changing  the  angle  of  incidence,  that  is,  if  the  mirror  is 
turned  about  the  incident  ray  SA  as  an  axis,  it  will  be  found  that 
this  ray  may  be  reflected  in  all  planes  equally  well,  and  therefore 
it  ma}^  be  inferred  that  the  ray  of 
light  SA  is  alike  on  all  sides.  If 
the  light  in  this  incident  ray  were 
not  alike  on  all  sides,  the  mirror, 
which  always  remains  under  the 
same  angle  of  incidence,  could  re-     fig.  510.    a  blam  of  ordinary 

flppt   thp   liirht     innvp     fi'pplv     in     mto  light  may  be  reflected  by  iin- 

neci   ine   ilgni    moie     Heei}      ni     one  silvered  glass  in  all  directions. 

direction  than  in  another ;  but  since 

the  reflected  ray  AB  is  equally  bright  in  every  plane,  it  follows 
that  it  can  not  have  properties  on  one  side  different  from  those 
which  it  has  on  any  other. 

If,  hoAvever,  Fig.  511,  a  second  mirror  is  placed  at  B,  so  as  to 
reflect  the  ray  of  light  AB,  the  angle  of  incidence  upon  this  sec- 
ond mirror  being  also  57°,  it  will  be  found  that  tlie  second  mirror 
will  reflect  tliis  ray  in  the  plane  of  incidence  of  the  first  mirror, 
hut  will  refuse  to  reflect  it  in  a  direction  at  right  angles  to  this 
plane.  That  is,  as  long  as  the  second  mirror  is  turned  so  that  the 
plane  of  incidence  ABC  upon  this  mirror  is  the  same  as  the  plane 
of  incidence  SAB  upon  the  first,  light  will  be  copiously  reflected 
in  the  direction  BC ;  but  if  the  second  mirror  is  so  turned  that 
these  two  planes  of  incidence  are  at  right  angles  to  each  other,  the 

light  which  is  reflected  from 
the  first  mirror  will  not  be 
reflected  from  the  second.  A 
change  has  therefore  taken 
place  in  the  light  which  is 
reflected  from  the  first  mir- 
„,„_„,  ^      «    ..      .  I'or,  so  that  the  reflected  ray 

Fig.    511.     A   second    reflection    from    tin-         ,  n     . 

silvered    glass    may    talce    place    in    the       AB    is     not    Ordilianf     liaht, 
first    plane    of    incidence,    but    not    at         .  .  ^        u      } 

right  angles  to  this  plane.  sincc  it  may  be  again  reflect- 

ed in  all  directions  in  the 
plane  of  incidence  (in  the  plane  of  the  paper),  but  cannot  be  re- 
flected at  right  angles  to  this  plane.  Light,  like  the  ray  AB, 
which  may  be  reflected  in  one  direction  but  not  in  a  direction  at 
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right  angles  to  this,  has,  therefore,  undergone  a  change  which 
makes  it  unsymmetrical,  and  this  light  is  said  to  be  polarized.  A 
polarized  beam  of  light  is  therefore  a  two-sided  beam,  having  pro- 
perties on  one  side  which  it  does  not  possess  upon  the  other. 

This  two-sidedness  which  the  beam  of  light  AB  has  acquired 
has  a  direct  and  most  important  bearing  upon  the  question  as  to 
the  direction  of  vibration  of  the  ether  particles  which  constitute 
this  beam.  If  these  vibrations  were  longitudinal,  they  Avould  take 
place  in  the  direction  AB,  as  the  light  is  reflected  from  the  mir- 
ror. This  beam  would  then  be  symmetrical  on  all  sides,  and  it 
could  not  have  properties  on  one  side  in  any  way  different  from 
those  which  it  possessed  on  any  other.  It  follows,  therefore, 
that  iliG  liglit  AB  cannot  consist  of  longitudinal  vibrations, 
since,  if  this  were  so,  this  beam  would  then  be  symmetrical.  Ac- 
cordingly, tlie  simple  fact  of  tlie  two-sidedness  of  a  beam  of 
polarized  liglit  proves  absolutely  tliat  liglit  vibrations  cannot  be 
longitudinal,  and  consequently  tliey  must  be  transverse.  A 
beam  of  sound,  however,  after  it  has  been  once  reflected  may  be 
reflected  again  in  all  directions,  and  therefore  does  not  possess 
this  two-sidedness.  The  vibrations  of  the  air  particles  in  a  beam 
of  sound  must  accordingly  be  longitudinal,  since  sound  cannot 
be  polarized  even  to  the  slightest  degree. 

Moreover,  since  the  ray  of  light  AB  may  be  reflected  in  the  di- 
rection BC  in  the  plane  of  incidence,  and  since  the  ray  BC  may 
be  again  reflected  in  the  plane  of  incidence,  it  follows  that  the 
light  has  undergone  no  change  at  the  second  reflection,  and 
therefore  that  the  vibrations  of  the  ether  particles  in  the  ray  BC 
must  be  in  the  same  direction  with  respect  to  the  mirror  at  B  as 
the  vibrations  in  the  ray  AB.  The  vibrations  must  therefore 
take  place  parallel  to  tlie  surface  of  tlie  mirror  at  B,  that  is,  both 
in  the  ray  AB  and  in  the  ray  BC  tlie  vibrations  take  place  at 
riglit  angles  to  tlie  plane  of  incidence.  The  plane  ABC,  in  which 
polarized  light  may  be  most  copiously  reflected  by  an  unsilvered 
mirror  at  the  polarizing  angle,  is  known  as  tlie  plane  of  polari- 
zation. With  Fresnel,  then,  we  believe  that  tlie  direction  of  vi- 
bration of  tlie  etlier  particles  in  a  beam  of  polarized  liglit  is  per- 
pendicular to  tlie  plane  of  polarization. 

Thej'e  are  many  other  means  of  polarizing  light  besides  reflec- 
tion from  unsilvered  glass  at  the  polarizing  angle;  but  however 
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this  light  may  be  produced,  the  fact  of  its  polarization  may  al- 
ways be  tested  by  reflection  from  a  mirror  of  nnsilvered  glass,  as 
at  B.  If  this  mirror  reflects  the  light  more  freely  in  one  dire<3- 
tion  than  in  another,  the  light  is  more  or  less  completely  polar- 
ized, the  plane  of  polarization  being  the  plane  of  incidence  in 
which  the  light  is  most  copiously  reflected.  Any  device,  like  the 
mirror  A,  for  producing  a  beam  of  polarized  light  is  called  a 
polarizer,  and  any  device,  like  the  mirror  B,  for  testing  the  fact 
of  polarization  is  called  an  analyzer. 

Almost  all  of  the  light  which  is  reflected  f  I'om  polished  non-me- 
tallic surfaces,  such  as  the  light  reflected  from  the  surface  of 
water,  from  varnished  surfaces,  and  even  from  portions  of  the 
sky,  is  polarized.  AVith  each  substance  there  is  one  particular 
angle  of  incidence  for  which  the  reflected  light  is  more  com- 
pletely polarized  than  any  other,  and  this  angle  of  incidence, 
Avhich  differs  with  different  sul)stances,  is  known  as  the  polariz- 
ing angle.  Brewster  has  shown  that  the  angle  of  polarization 
is  that  particular  angle  of  incidence  for  which  the  reflected  and 
the  refracted  rays  make  an  angle  of  90^  with  each  other.  An 
interesting  relation  between  the  polarizing  angle  and  the  index 
of  refraction  of  the  substance  then  follows : 

Let  mm',  Fig.  512,  be  the 
polished  surface  of  a  re- 
fracting medium,  AB  an 
incident  ray  of  light,  BC 
the  reflected  ray,  and  BR 
the  refracted  ray.  ABX 
is  the  angle  of  incidence, 
and  RBX^  is  the  angle  of 
refraction.  BreAvster  found 
that  the  reflected  ray  BC  is 
completely  polarized,  and 
therefore  that  the  angle 
ABN  is  the  polarizing  an- 
gle, when  the  reflected  ray 
BC  and  the  refracted  ray 
BR  make  an  angle   of  90° 

with  each  other.  In  this  case,  angle  RBX'  equals  angle  m'BC, 
and  therefore  also  equals  the  angle  mBA.     The  angle  of  refrac- 


N 


Via.  ~A2.  Both  rays  nro  coinpletely 
polarized  when  the  reflected  and  tlie 
refracted  rays  make  an  aiigle  of  DO" 
with   each   other. 
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tion  ?■  is  therefore  the  complement  of  the  angle  of  incidence  i,  so 
that 


sin  r  =--  cos  t. 


Therefore, 


"=  tan  /. 


According  to  Brewster's  law,  therefore,  tlie  polarizing  angle  for 
any  suhstance  is  tJiat  angle  of  incidence  tlie  tangeni  of  wliicJi  is 
tlie  index  of  refraction  of  tliat  substance.  Investigation  also 
shows  that  the  refracted  ray  BR  is  likewise  polarized,  the  plane 
of  polarization  of  this  ray,  however,  being  at  right  angles  to  that 
of  the  reflected  ray  BC. 

We  are  now  in  a  position  to  understand  the  change  which  the 
ordinary  light  in  the  beam  8 A,  Fig.  510,  undergoes  at  A.  We 
have  learned  that  the  vibrations  of  light  are  transverse ;  and 
therefore,  as  ordinary  light  proceeds  from  S  to  A,  the  vibrations 
take  place  at  right  angles  to  this  direction,  hut  in  all  possible 
planes.  Accordingly,  if  we  could  look  at  the  end  of  this  beam 
of  light,  we  should  see  these  vibrations  taking  place  in  all  pos- 
sible directions.  Fig.  513,  like  the  spokes  of  a  wheel.  When  these 
vibrations,  which  thus  take  place  in  all  possible  planes  through 
the  ray,  reach  the  mirror  A,  tliose  vibrations  ivJiicli  are  already 
taking  place  parallel  to  tlie  surface  of  tlie  mirror  are  reflected, 
wliile  tliose  wliicli  are  taking  place  at  riglit- 
angles  to  tliis  direction  are  not  reflected  but 
are  refracted.  Moreover,  all  vibrations  in 
intermediate  directions  are  resolved  into 
tAvo  components,  one  of  which  is  parallel  to 
the  surface  of  the  mirror,  the  other  be- 
ing at  right  angles  to  this  direction.  Tliose 
components  of  tlie  vibration  ivliicli  are  par- 
allel to  the  surface  of  the  mirror,  and  there- 
fore at  right  angles  to  the  plane  of  inci- 
dence, are  reflected,  while  those  components  which  are  perpendic- 
ular to  the  first  direction,  and  which  lie  therefore  in  the  plane 


Fig.  513.  In  ordinary 
liglat  the  vibrations 
talie  place  in  all  pos- 
sible planes  through 
the  ray.  . 
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of  incidence,  are  refracted.  Accordingly,  the  reflected  and  the 
refracted  beams  are  both  polarized,  and  polarized  in  planes  at 
right  angles  to  each  other. 

678.  Double  Refraction.  Another  most  remarkable  fact 
closely  connected  with  the  polarization  of  light  is  the  phenome- 
.  non  of  double  refraction.  It  is  found  that  all  crystalline  bodies 
which  are  founded  upon  a  fundamental  form  different  from  that 
of  the  cube  have  the  power  of  doubly  refracting  light,  so  that  a 
single  ray  of  light  which  enters  the  crystal  emerges  as  two  rays. 
Prominent  among  the  crystals  w^hich  thus  have  the  power  of 
doubly  refracting  light  is  the  mineral  Iceland  spar,  or  calcite. 
If  a  fragment  of  this  substance  is  laid  upon  a  dot  upon  a  piece 
of  paper,  the  dot  will,  in  general,  appear  double,  or  if  a  beam  of 
light  is  passed  through  the  crystal  two  beams  will  emerge,  and 
will  appear  as  two  separate  beams  upon  the  screen. 

Iceland  spar  crystallizes  in  a  form  known  as  the  rhombohe- 
dron,  which  is  a  solid  bounded  by  plane  surfaces,  each  side  of 
which  is  a  rhombus.  If  we  imagine  twelve  wires  fastened  to- 
gether, forming  the  twelve  edges  of  a  cube,  and  then  imagine 
this  cube  placed  on  one  corner  as  h,  Fig.  514,  and  pressed  at  the 
opposite  diagonal  corner  a,  the  cube  will  be  distorted  so  that 
three  obtuse  angles  will  meet  at  each  of  the  solid  angles  a  and  I, 
and  the  cube  will  be  deformed  into  a  rhombohedron.  The  line 
which  forms  equal  angles  with  the  three  edges  of  these  solid  ob- 
tuse angles,  or  any  line  parallel  to  this  di-  i -, 

rection,  is  known  as  the  op/ic  ax?s,  since  the  /'  // 

structure   of    the   crystal   is    symmetrical         ^// // 

about  this  direction.     If  the  crystal  is  cqui-        '^  r"f*"^-*..^/    / 

lateral,  and  is  therefore  in  the  form  of  a  /  / -^i^yb 

true  rhombohedron,  as    shoAvn  in    the  dia-  //  // 

gram,  the  optic  axis  is  the  line  a&,   which         ii ^ 

joins  the  opposite  diagonal  solid  obtuse  ^''^ron^^of  fcelaud'spar, 
angles.  Every  plane  perpendicular  to  a  of °thL"o 't'ic  aiir*'°" 
face  of  tlie  crystal  and  passing  tJirongJi  tJie 
optic  axis  is  known  as  a  principal  plane,  or  a  principal  section, 
of  the  crystal.  Any  plane,  tliereforc,  ivliicJi  contains  the  incident 
ray  and  the  optic  axis  is  a  principal  section  of  the  crystal. 

If  the  obtuse  angles  at  a  and  h  are  cut  off  by  planes  so  that  a 
ray  of  light  may  be  sent  parallel  to  the  optic  axis,  it  will  be 
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found  that  but  one  spot  of  light  instead  of  two  will  appear  up- 
on the  screen,  from  which  it  is  evident  that  no  double  refraction 
takes  place  wlien  ligJit  passes  parallel  to  tJie  optic  axis.  If  a  ray 
of  light  is  sent  through  a  crystal  of  Iceland  spar  in  any  direc- 
tion other  than  parallel  to  the  optic  axis,  Fig.  515,  the  single  ray 
which  enters  the  crystal  will  be  divided  into  two  rays  which 
emerge,  thus  producing  two  images  of  the  source  upon  the  screen. 
If  the  crystal  is  now  turned  around  the  incident  beam  as  an  axis, 
one  spot  of  light  will  be  observed  to  remain  stationary  while  the 
other  revolves  about  it.  The  one  which  remains  stationary  obeys 
the  ordinary  law  of  refraction,  and  the  refracted  ray  remains  in 

the  plane  of  incidence,  while 
the  ray  which  revolves  about 
the  first  does  not  obey  the  ordi- 
nary law  of  refraction  and  the 
Pig.    515.    Double    refraction    and       refracted  ray  docs   iiot  alwaj^s 

polarization    produced    by    Iceland 

spar.  remain   in  the  plane   of   inci- 

dence. The  former  is  there- 
fore called  the  ordinary  ray,  0,  and  the  latter  is  called  the  ex- 
traordinary ray,  E. 

J\Ioreover,  if  these  rays  are  tested  for  polarization  by  reflecting 
them  from  a  piece  of  unsilvered  glass  at  the  polarizing  angle,  it 
will  be  found  that  both  tlie  ordinary  and  tlie  extraordinary  rays 
are  polarized,  tJiat  tliey  are  polarized  in  planes  at  riglit  angles  to 
each  otlier,  and  tJiat  tlie  vibrations  of  tlie  ordinary  ray  are  in  a 
plane  at  riglit  angles  to  tlie  principal  section  of  tlie  crystal,  tvliile 
tlie  vibrations  of  tlie  extraordinary  ray  are  parallel  to  tlie  princi- 
pal section.  Measurements  made  upon  these  two  rays  show  that 
tlie  index  of  refraction  for  tlie  ordinary  ray  is  constant,  and  the  , 
same  in  all  directions,  ivliile  that  for  the  extraordinary  ray  is  not 
constant,  but  has  different  values  depending  upon  the  direction 
in  which  the  ray  travels  within  the  crystal.  It  is  evident,  there- 
fore, that  the  ordinary  and  the  extraordinary  rays  are  propa- 
gated with  different  velocities  ivithin  the  crystal,  that  the  ordi- 
nary ray  is  propagated  with  equal  velocity  in  all  directions,  while 
the  extraordinary  ray  is  propagated  with  different  velocities  in 
different  directions.  Furthermore,  since  there  is  no  double  re- 
fraction in  a  direction  parallel  to  the  optic  axis,  is  is  also  evident 
that  the  ordinary  and  the  extraordinary  rays  are  propagated  with 
tlie  same  velocity  in  tliis  direction. 
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These  phenomena  show  conclusively  that  if  we  could  place  a 
luminous  source  inside  a  crystal  of  Iceland  spar,  as  at  C,  Fig.  516, 
the  wave  front  would  consist  really  of  two  wave  fronts,  one  of 
which  is  a  sphere  about  the  luminous  point  as  a  center,  and  which 
is  the  Avave  front  corresponding  to  the  ordinary  ray,  while  the 
other  is  an  ellipsoid  of  revolution,  also  having  the  luminous  point 
as  a  center,  and  which  is  the  wave  front  corresponding  to  the  ex- 
traordinary ray.  Since  the  ordinary  and  the  extraordinary  rays 
travel  with  the  same  velocity  in  the  direction  of  the  optic  axis, 
the  sphere  and  the  ellipsoid  are  tangent  to  each  other  in  this 
direction.  Every  section  of  the  wave  front  through  the  optic 
axis  gives  a  circle  bounded  by  an  ellipse,  with  the  optic  axis  as 
their  common  axis  as  revolution.  It  is  found  that  certain  crystals 
have  two  optic  axes,  so  that  all  crystals  are  divided  into  two 
classes,  uniaxial  and  biaxial.  It  is  also  found  that  there  are  two 
classes  of  uniaxial  crystals,  namely,  those,  like  Iceland  spar, 
in  which  the  ellipse  is  outside  the  circle,  which  are 
called  negative  crys- 
tals, and  those  like 
quartz,  Fig.  517,  in 
which  the  circle  is 
outside  the  ellipse, 
which  are  called  posi- 
tive crystals.  In  neg- 
ative crystals,  like 
Iceland  spar,  the  ex- 
traordinary ray  travels  faster  than  the  ordinary,  and  in  positive 
crystals,  such  as  quartz,  the  ordinary  ray  travels  faster  than  the 
extraordinary. 

The  explanation  of  the  phenomenon  of  double  refraction  is 
found  in  the  theoiy  offered  by  Fresnel,  that  the  elasticity  of  the 
ether  within  the  crystal  is  different  in  different  directions,  and 
hence  the  velocity  with  which  light  is  propagated  must  likewise 
vary  with  the  direction.  There  is,  moreover,  much  experimental 
evidence  in  support  of  this  theory.  If  a  rod  is  sawed  from  a  crys- 
tal of  a  doubly  refracting  substance  and  one  end  is  clamped  in  a 
vise,  the  other  end  may  be  bowed  like  a  tuning  fork  and  so  be 
made  to  emit  a  musical  note.  It  is  found,  however,  that  the  note 
which  is  thus  emitted  by  the  vi])rating  rod  depends  \^]^^m  \ho  di- 


Tho  wave  front 
in  Iceland  sijai-. 


Fk;.  517.     The  wave 
front  in   guartz. 
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rection  in  which  the  latter  is  bowed,  thus  proving  that  in  one  di- 
rection the  substance  is  more  elastic  even  to  mechanical  distur- 
bances than  in  a  direction  at  right  angles  to  the  first.  Moreover, 
by  a  beautiful  method  due  to  Professor  Kundt,  known  as  the 
' '  breath  figures ' ',  it  may  be  shown  that  the  conductivity  for  heat 
of  a  doubly  refracting  substance  is  greater  in  one  direction  than 
in  a  direction  at  right  angles  to  this.  If  a  crystal  of  quartz  or  one 
of  Iceland  spar  is  covered  with  moisture  from  the  breath,  and  is 
then  touched  by  a  heated  point,  such  as  the  tang  of  a  file,  the 
crystal  immediately  about  the  point  will  be 
warmed,  and  the  moisture  will  be  evaporated. 
If,  now,  lycopodium  powder  is  dusted  over 
the  entire  surface,  the  powder  will  adhere  to 
the  part  that  is  still  moist,  but  may  1)e  blown 
away  from  that  which  is  dry.  It  will  then  be 
found,  Fig.  518,  that  the  moisture  has  been 
evaporated  from  an  area  which  is  elliptical  in 
shape,  thereby  showing  that  heat  has  been 
conducted  by  the  crystal  more  rapidly  in  the 
direction  of  the  major  axis  than  in  that  of 
the  minor  axis  of  this  ellipse.  Hence  we  may 
believe,  and  experiment  shows  this  to  be  true, 
that  the  optical  elasticity  of  the  crystal  is  like- 
wise greatest  in  the  direction  in  which  the  con- 
ductivit.y  of  the  crystal  for  heat  is  a  maxi- 
mum. 
From  what  has  been  said,  it  is  evident  that  the  vibrations  of  the 
ether  within  a  doubly  refracting  crystal  take  place  in  two  planes 
only,  one  being  a  principal  plane,  and  the  other  a  plane  at  right 
angles  to  this.  Let  these  planes  be  denoted  by  E  and  0  respec- 
tively. If  a  ray  of  polarized  light,  PP,  Fig.  519,  enters  the  crys- 
tal, the  vibrations  of  this  ray  making  an  angle  with  E  and  0, 
these  vibrations  are  resolved  into  two  components,  the  magnitudes 
of  which  depend  upon  the  inclination  of  the  vibrations  to  E  and 
0.  If  the  original  vibrations  make  an  angle  of  45°  with  E  and  0, 
both  of  these  components  will  be  equal.  If  the  original  vibrations 
lie  in  the  plane  0,  the  component  in  E  will  be  zero ;  and  if  the  ori- 
ginal vibrations  lie  in  the  plane  E,  the  component  in  O  will  be 
zero. 


Fig.  518.  Quartz 
conducts  heat  most 
readily  in  a  direc- 
tion parallel  to  its 
optic  axis. 
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Fig.  519.  Compoueuts  into 
which  polarized  light 
is  rosolvert  within  a 
rtoublj'  refracting  crys- 
tal. 


Accordingly,  in  general,  if  a  beam  of  polarized  light  is  passed 
through  a  piece  of  Iceland  spar,  the  vibrations  of  the  beam  within 
the  spar  will  be  divided  into  two  components  and  these  will  ap- 
pear as  two  spots  of  light  upon  the  screen.  If  the  crystal  is  ro- 
tated, the  brilliancy  of  one  of  these  components  will  increase 
while  that  of  the  other  will  decrease,  until 
the  principal  section  of  the  crystal  is 
parallel  to  the  original  vibrations,  and 
then  only  the  extraordinary  beam  passes, 
and  but  one  spot  of  light  appears  upon 
the  screen.  As  the  crystal  is  further  ro- 
tated, the  ordinary  beam  reappears  and 
grows  brighter,  while  the  extraordinary 
beam  grows  fainter,  until  the  crystal  is  so 
turned  that  its  principal  section  is  at 
right  angles  to  the  original  direction  of 
the  vibrations,  and  then  only  the  ordi- 
nary beam  is  transmitted,  while  the  ex- 
traordinary ray  is  extinguished.  Upon 
continued  rotation  of  the  crystal,  this  process  is  repeated  indefi- 
nitely, the  beam  which  is  extinguished  in  one  position  of  the  crys- 
tal appearing  brightest  when  the  rotation  is  carried  90°  farther. 

If  light  which  has  been  divided  into  an  ordinary  and  an  extra- 
ordinary beam  by  one  piece  of  Iceland  spar  is  allowed  to  fall  up- 
on a  second  similar  piece  of  spar,  each  of  the  two  beams  emerging 
from  the  first  crystal  will  undergo  resolution  into  two  components 
upon  entering  the  second,  so  that,  in  general,  there  will  be 
four  beams  upon  the  screen.  When,  however,  the  principal  sec- 
tions of  the  two  crystals  are  parallel,  the  light  which  passes 
through  the  first  vibrating  in  two  directions,  Avill  pass  through 
the  second  vibrating  in  tlie  same  two  directions,  and  in  this  posi- 
tion of  the  crystals  there  will  ai)pear  but  two  beams.  Also,  when 
the  second  crystal  is  turned  90  from  this  position,  the  ordinary 
and  the  extraordinary  rays  which  ])ass  through  the  first  crystal 
will  now  pass  as  extraordinary  and  ordinary  through  the  second, 
and  hence  there  will  again  be  only  two  beams  of  light  upon  the 
screen.  When  the  crystal  is  rotated  still  farther  so  that  the 
planes  are  again  parallel  but  180°  from  their  first  position,  the 
separaticin  into  two  beams  produced  by  the  first  crystal  is  fountcr- 
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balanced  by  an  equal  separation  in  the  oj)posite  direction  pro- 
duced Ijy  the  second,  and  but  a  single  spot  of  light  appears. 

679.  The  Nicol's  Prism.  Inasmuch  as  Iceland  spar  is  per- 
fectly transparent,  and  polarizes  as  well  as  doubly  refracts  the 
light  which  passes  through  it,  a  crystal  of  this  substance  would 
make  an  effective  means  of  producing  a  beam  of  polarized  light 
if  only  it  were  i)ossible  to  do  away  with  one  or  the  other  of  the 
two  Ijeams  which  are  always  produced.  If  the  angular  separa- 
tion of  these  beams  were  greater,  this  could  be  accomplished  by 
placing  a  little  screen  so  as  to  intercept  either  one  or  the  other. 
Nicol,  however,  accomplished  this  same  purpose  in  an  even  more 
ingenious  manner.     He  conceived  the  idea  of  introducing  into 

0    A 


Fio.    ."I'l^      A   Xicdl's  prism   transmits  only   the  extraordinary   ray,   tlie   ordinary 
ray  being  totally  reflected  by  the  Canada  balsam. 

the  crystal  a  layer  of  a  substance  upon  which  the  two  rays  would 
be  incident  at  such  angles  that  one  would  be  transmitted  while 
the  other  would  undergo  total  reflection.  A  crystal  about  three 
times  as  great  in  length  as  in  diameter  was  then  sawed  into  two 
parts  along  the  line  AB  joining  the  two  obtuse  angles.  Fig.  520. 
The  two  cut  surfaces  were  then  polished  and  cemented  together 
in  their  former  positions  with  Canada  balsam,  so  that  the  crystal 
was  once  more  in  its  original  condition,  with  the  exception  that 
it  contained  a  diagonal  sheet  of  this  transparent  cementing  ma- 
terial. The  natural  end  surfaces  of  the  crystal  were  also  slightly 
changed  in  inclination  in  order  to  obtain  the  proper  angle  of  in- 
cidence upon  this  totally  reflecting  layer. 

The  index  of  refraction  of  Canada  balsam  is  less  than  that  of 
the  spar  for  the  ordinary  ray  and  greater  than  that  of  the  spar 
for  the  extraordinary  ray.  In  other  words,  the  Canada  balsam 
is  a  rarer  medium  than  the  spar  of  the  ordinary  ray  and  a 
denser  medium  than  the  spar  for  the  extraordinary  ray.  Ac- 
cordingly, when  a  ray  of  ordinary  light  SI  is  incident  upon  a 
crystal  of  Iceland  spar  which  has  been  so  treated,  it  divides  in- 
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Fio.  521.  Direction  of 
vibration  of  tlio  light 
in  a   Xicol's  prism. 


to  an  ordinary  and  an  extraoi'dinary  ray.  Tlie  ordindri/  ray, 
which  is  incident  ni)on  the  the  hiycr  of  Canada  balsam  at  an 
angle  greater  than  the  critical  angle,  tlien  undergoes  total  re- 
flection, and  is  reflected  out  to  one  side  of  the  pri.s»i,  where  it  is 
absorbed  by  black  ]iaint.  The  extraordinarij  ray,  on  the  other 
hand,  i^'i'^-^^'^  '>»  tlirongh  tlie  Canada  balsam  and  so  tlirougli  ilie 
prism,  thus  producing  a  beautifully  brilliant  beam  of  light 
which  is  completely  polarized. 

A  crystal  of  Iceland  spar  which  has  l^een  so  treated  and,  which 
thus  produces  a  single  beam  of  polarized  light,  is  known  as  a 
Nicol's  prism,  or,  more  simply,  as  a  Nicol.  A  Nicol's  prism  is 
the  most  convenient  as  well  as  the  most  desirable  means  of  pro- 
ducing a  beam  of  polarized  light.  Since  it  is 
tlie  extraordinary  ray  ivliicli  is  tlius  trans- 
mitted, the  vibrations  of  the  light  which 
passes  through  a  Nicol's  prism  take  place  in 
tlie  principal  plane  of  tlie  crystal,  that  is  par- 
allel to  the  shorter  diagonal  of  the  diamond- 
shaped  figure  which  the  end  of  the  Nicol 
presents.  Fig.  521.  A  second  Nicol's  prism 
similar  to  the  first  serves  also  most  excellently  as  an  analyzer. 

If  the  principal  plane  of  the  second  Nicol,  or  the  analyzer,  is 
parallel  to  that  of  the  first,  or  the  polarizer,  the  light  which 
passes  through  the  polarizer  will  also  pass  through  the  analyzer, 
and  light  will  be  transmitted  to  the  screen.  But  if  the  principal 
l)lane  of  the  analyzer  makes  an  angle  with  that  of  the  polarizei", 
the  light  from  the  polarizer  is  resolved  into  two  components, 
thus  forming  an  ordinary  and  an  extraordinary  ray  in  the  an- 
alyzer, one  of  Avhich,  the  ordinary  ray,  when  it  meets  the  Can- 
ada balsam,  is  totally  reflected  out  to  the  side  of  the  prism  and  is 
absorbed,  Avhile  the  other,  the  extraordinary  ray,  passes  through. 
The  component  which  is  thus  transmitted  by  the  analj'zer  be- 
comes less  as  the  angle  between  the  principal  planes  of  the  two 
Nicols  increases,  and  when  the  principal  plane  of  the  analyzer 
makes  an  angle  of  90°  with  the  principal  plane  of  the  polar- 
izer, the  entire  extraordinary  ray  from  the  polarizer  enters  the 
analyzer  as  an  ordinary  ray,  and  so  is  totally  reflected.  There- 
fore, when  the  principal  planes  of  the  polarizer  and  the  analy- 
zer make  an  angle  of    90°  with    each     other,    the    light  which 
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passes  the  polarizer  is  wholly  excluded  by  the  analyzer,  and  no 
light  is  transmitted  to  the  screen.  The  polarizer  and  analyzer 
are  then  said  to  be  crossed.  As  the  analyzer  is  rotated  still  far- 
ther, a  component  of  the  light  from  the  polarizer  again  passes 
through  the  analyzer,  and  this  transmitted  component  increases 
in  brightness  until  the  two  planes  are  again  parallel,  when  the 
light  once  more  attains  its  maximum  intensity. 

680.  The  Polarization  Produced  by  Tourmaline.  The  min- 
eral tourmaline  is  a  doubly  refracting  surface,  and,  like  all 
doubly  refracting  media,  it  polarizes  as  well  as  doubly  refracts 
the  light  which  passes  through  it.  This  mineral,  however,  pos- 
sesses the  peculiar  property  of  absorbing  the  ordinary  ray, 
while  it  transmits  freely  the  extraordinary  ray,  so  that  a  crys- 
tal of  tourmaline,  when  placed  in  the  path  of  a  beam  of  ordi- 
nary light,  will  transmit  a  beam  Avhich  is  completely  polarized, 
since  it  consists  entirely  of  the  extraordinary  ray.  Indeed,  if  it 
were  not  for  the  fact  that  tliis  material  is  colored,  the  tint  being 
usually  a  deep  brown  or  a  light  green,  a  plate  of  this  substance 
could  be  most  conveniently  used  as  a  means  of  polarizing  the 
light. 

The  cause  of  the  absorption  of  the  ordinary  ray  in  tourma- 
line is  in  itself  most  interesting.  Inasmuch  as  this  substance 
is  a  crystal,  it  follows  that  its  elasticity  in  one  direction  is 
greater  than  that  in  a  direction  at  right  angles  to  this.  Ac- 
cordingl}^,  the  free  periods  in  which  its  particles  vibrate  are  dif- 
ferent in  different  directions.  In  the  direction  within  the  crystal 
in  Avhicli  the  vibrations  of  the  ordinary  ray  take  place,  it  chances 
that  the  natural  period  of  the  tourmaline  particles  is  practically 
the  same  as  that  of  the  light  vibrations,  so  that  the  latter  are  ab- 
sorbed sympathetically.  In  a  direction  at  right  angles  to  this, 
however,  that  is,  in  the  direction  within  the  crystal  in  which 
the  vibrations  of  the  extraordinaiy  ray  occur,  the  natural  per- 
iod of  the  particles  is  entirely  different  from  that  of  the  light  vi- 
brations, hence  the  latter  are  not  thus  absorbed,  and  the  extraor- 
dinary ray  passes  through  the  crystal,  producing  a  single  beam  of 
polarized  light. 

Accordingly,  two  pieces  of  tourmaline,  AvhCther  from  the  same 
crystal  or  from  different  crystals,  serve  admirably  the  purpose 
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of  polarizer  and  analyzer,  and,  except  for  the  objection  of  the 
deep  color  which  is  always  present,  these  may  be  used  in  every 
Avay  instead  of  two  Nicol's  prisms.  If  the  second  crystal  is 
placed  -wdth  its  principal  plane  parallel  to  that  of  the  first,  as 
at  AB,  Fig.  522,  the  light  which  is  transmitted  by  the  first 
passes  freely  through  the  second ;  but  if  the  crystal  is  turned  so 
that  its  principal  plane  is  at  right  angles  to  that  of  the  first,  as 
at  A"B",  the  light  which  passes  the  first  as  an  extraordinary 
ray  now  enters  the  second  as  an  ordinary  ray  and  is  absorbed, 
so  that  no  light  is  transmitted.  If  the  principal  plane  of  the 
second  makes  an  angle  with  the  first,  as  shown  at  A'B',  the  light 
from  the  first  is  resolved  into  two  components  in  the  second, 
one  of  which  is  transmitted  while  the  other  is  absorbed,  the 
transmitted  component  becoming  less  as  the  two  principal 
planes  depart  more  and  more  from  parallelism.  As  the  second 
crystal  is  rotated  from 
its  initial  position,  the 
transmitted  light  dimin- 
ishes in  intensity  until 
the  principal  planes  are 
at  right  angles  to  each 
other,  when  all  light  is 
excluded ;  and  as  the  ro- 
tation is  continued,  the  light  again  appears  and  increases  in  bril- 
liancy until  the  two  planes  are  once  more  parallel. 


Fig.  522. 


The  action  of  two  tourmaline  plates 
in   transmitting   light. 


681.  The  Rotation  of  the  Plane  of  Polarization.  When  a 
beam  of  polarized  liglit  is  sent  through  a  plate  of  quartz  which 
has  been  cut  perpendicularly  to  the  optic  axis,  that  is,  when 
light  passes  in  this  medium  parallel  to  the  optic  axis,  no  double 
refraction  is  produced,  but  the  remarkable  phenomenon  of  the 
rotation  of  the  plane  of  polarization  takes  place.  Therefore,  if 
polarized  light  which  is  vibrating  vertically,  for  instance,  en- 
ters a  plate  of  quartz  so  as  to  pass  parallel  to  its  optic  axis,  the 
light  will  emerge  from  the  quartz  still  polarized,  although  the 
vibrations  are  no  longer  taldng  place  vertically,  but  are  in- 
clined to  their  former  direction.  In  other  words,  the  plane  of 
polarization  has  been  rotated  through  a  certain  angle.  More- 
over, the  angle  through  which  this  plane  has  been  turned  is  dif- 
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ferent  for  different  wave  lengths,  the  amount  of  this  rotation  in- 
creasing as  the  -wave  length  of  the  light  becomes  shorter. 

Accordingly,  if  the  vibrations  of  polarized  white  light  are 


supposed  to  be  vertical  for  all  wave  lengths,  Fig. 


r>9Q 


and  this 


Fig.     523.     The    rotation 
plane     of     polarization     i 
vorsely      proportional      to 
■nave  lengtli. 


of    the 
is     in- 

the 


polarized  light,  OP,  is  passed 
through  a  ])late  of  quartz  parallel 
to  its  optic  basis,  the  light  will 
emerge  from  the  quartz  with  each 
wave  length  executing  vil^rations  in 
a  plane  which  is  different  from  that 
of  any  other,  the  vibrations  of  the 
red  light,  for  instance,  making  an 
angle  of  10°  with  the  vertical,  the 
vibrations  of  the  yellow  light  mak- 
ing an  angle  of  20°  with  the  verti- 
cal, and  so  on.  Although  lights  of 
different  colors  are  executing  vi- 
l^rations  in  different  planes,  the  re- 
sulting light  appears  white,  since 
the  eye  receives  the  impression  of  these  various  colors  super- 
posed. 

If,  however,  this  light  is  now  made  to  pass  through  an  analy- 
zer, the  result  will  be  entirely  different.  If  any  vibration  hap- 
pens to  coincide  in  direction  with  the  principal  plane  of  the 
analyzer,  that  particular  color  will  be  transmitted;  and  if  any 
vibration  comes  to  the  analyzer  at  right  angles  to  its  principal 
plane,  that  color  will  be  excluded.  Thus,  to  refer  to  the  above 
illustration,  if  the  principal  plane  of  the  analyzer  makes  an 
angle  of  10°  with  the  vertical,  the  red  light  will  be  transmitted, 
since  the  vibrations  of  this  particular  colored  light  make  an 
angle  of  10°  with  the  vertical;  and  if  the  principal  plane  of  the 
analyzer  makes  an  angle  of  20°  with  the  vertical,  the  yellow 
light  will  be  transmitted,  and  so  on. 

In  general,  however,  the  vibrations  of  any  wave  length  of 
light  as  they  come  to  the  analyzer  will  undergo  resolution  in- 
to two  components,  one  of  which  lies  in  the  principal  plane  of 
the  analyzer,  A,  Fig  524,  and  the  other  in  a  plane  at  right 
angles  to  this  direction.  The  first  of  these  components  will  pass 
freely,  since  the  analyzer  transmits  vibrations  taking  place  in  its 
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524.  One  componeut  of  each  vi- 
bratiou  passes  through  the  an- 
alyzer. 


principal  plane,  while  the  second,  which  is  vibi-ating-  at  right 
angles  to  this  plane,  will  be  unable  to  pass.  ]\Ioreover,  since  the 
vibrations  of  the  varions  eoloi-ed  lights  make  a  different  angle 
Avith  the  principal  plane  of 
the  analyzer,  the  magnitude 
of  the  components  of  the  light 
which  the  analyzer  transmits 
Avill  be  different  for  each  dif- 
ferent color,  and  the  light 
which  is  transmitted  to  the 
screen  will  be  a  mixture  of  a 
great  many  colored  lights  in 
different  proportions.  • 

Accordingly,  the  light 
which  reaches  the  screen  wnll 
be  colored,  the  particular 
color  depending  upon  the  po- 
sition of  the  analyzer.  As  the  analyzer  is  rotated,  the  color  of 
the  transmitted  light  changes,  since  the  components  of  the  dif- 
ferent Avave  lengths  AA^hich  the  analyzer  transmits  are  iioaa'  dif- 
ferent and  the  tint  of  the  transmitted  light  is  alAA^ays  a  mixture 
of  those  colors,  or  the  components  of  those  colors,  AA'hich  pass 
through  the  analyzer.  "When  the  analyzer  is  turned  90^,  the 
color  on  the  screen  is  al)solutely  complementary  to  the  one  seen 
in  its  first  position,  inasmuch  as  the  analyzer  in  one  position 
transmits  those  components  Avhich  it  excludes  AA'hcn  it  is  turned 
90°. 

It  folloAvs,  therefore,  that  if  a  i)iece  of  Iceland  spar  instead  of 
a  Nicol's  prism  is  used  as  an  analyzer,  the  light  Avdiich  passes 
through  the  quartz  is  di\'ided  into  tAA'o  components  and  there- 
fore into  tAA^o  l)eams  as  it  enters  the  spar,  each  com]K)nent  haA'- 
ing  those  portions  of  the  original  Avhitc  light  Avhich  are  not 
found  in  the  other.  There  are  thus  produced  upon  the  screen 
tAA'O  beams  of  light  each  of  AA'hich  is  colored,  the  color  of  one  be- 
ing absolutely  complementary  to  that  of  the  other.  As  the  crys- 
tal of  Iceland  spar  forming  the  analyzer  is  rotated,  the  propor- 
tion of  each  AvaA-e  length  of  light  in  each  component  changes, 
and  hence  the  color  of  each  beam  changes;  but  Avhatever  the 
color  of  one  may  l)e,  the  color   of  the  other   is  alAA^ays    comjile- 
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nientaiy  to  it.  If,  therefore,  the  two  beams  are  made  partially 
to  coincide  upon  the  screen,  the  overlapping  portion  is  white, 
since  the  colors  which  are  present  in  one  are  lacking  in  the  other, 
and  hence  the  union  of  the  two  supplies  all  the  colors  which 
make  up  white  light.  This  is  by  far  the  best  method  of  show- 
ing complementary  colors,  and  may  be  used  instead  of  the  yel- 
low and  the  blue  glasses  in  a  mixture  of  colored  lights,  as  de- 
scribed on  page  842. 

682.  The  Effect  of  Interposing  a  Plate  of  a  Doubly  Re- 
fracting Substance  Between  the  Crossed  Polarizer  and  An- 
alyzer. If  a  plate  of  a  doubly  refracting  substance,  such  as 
mica  or  selenite,  is  placed  between  the  crossed  polarizer  and 
analyzer,  light,  in  general,  will  be  restored.  This  restored  light 
will  be  most  brilliant  when  the  principal  plane  of  the  doubly  re- 
fracting substance  makes  an  angle  of  45°  with  the  principal 
plane  of  the  polarizer,  but  no  effect  will  be  produced  if  this 
angle  is  zero  or  90  ° .  The  vibrations  of  the  light  from  the  polar- 
izer, as  they  enter  the  plate  of  mica,  are  resolved  into  two  com- 
ponents, one  vibrating  in  the  principal  plane  of  the  mica  and 
the  other  at  right  angles  to  this  direction.  In  other  words,  one 
of  these  components  travels  through  the  mica  as  an  ordinary 
beam  and  the  other  as  an  extraordinary  beam.  The  separation 
of  the  two,  however,  is  so  very  slight,  particularly  if  the  mica  is 
thin,  that  what  we  see  is  onlj^  one  emergent  beam,  but  in  this  the 
vibrations  are  taking  place  in  two  directions  at  right  angles  to 
each  other. 

If  we  assume  that  the  light  which  comes  from  the  polarizer  is 
vibrating  in  a  vertical  plane,  the  analyzer  will  then  transmit 
only  light  which  is  vibrating  in  a  horizontal  plane,  since  the 
polarizer  and  analj^zer  are  crossed.  Accordingly,  light  from 
the  polarizer,  vibrating  in  the  direction  PP,  Fig.  525,  comes  to 
the  plate  of  mica,  and  this  allows  light  to  pass  which  is  vibrating 
in  the  directions  ah  and  cd.  The  vibration  PP  will  be  resolved 
into  two  components  00  and  EE  at  right  angles  to  each  other, 
and  therefore  the  light  which  passes  through  the  plate  of  mica 
is  vibrating  in  these  two  directions.  The  light,  still  vibrating 
in  these  two  directions,  now  comes  to  the  analyzer,  which  allows, 
in  this  case,  only  light  to  pass  which  is  vibrating  horizontally. 
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Each  of  the  component  vibrations  00  and  EE,  Fig  526,  is  now 
resolved  into  two  components,  one  in  the  plane  of  the  analyzer 
AA  and  the  other  at  right  angles  to  this  direction.  Those  com- 
ponents of  00  and  EE  which  are  in  the  plane  of  the  analyzer 
can  now  pass  through,  while  those  components  at  right  angles 
to  this  direction  are  excluded.  In  general,  thercfoie,  light  is 
restored  when  a  plate  of  a  doubly  I'cfracting  sujjstance  is  placed 
between  the  crossed  polarizer  and  analyzer. 


Fig.  525.  Vertically  vibrating  light 
from  the  polarizer  is  resolved 
Into  two  components  in  the  mica. 


Fig.  526.  Each  A-ibration  transmit- 
ted by  the  mica  is  resolved  into 
two    components    at    the    analyzer. 


Moreover,  if  the  plate  of  the  interposed  substance  is  thin,  the 
light  which  is  thus  restored  is  colored,  as  may  be  seen  from  the 
following  examination  of  the  vibrations  of  the  rays.  When  the 
light  from  the  polarizer  enters  the  mica  it  is  resolved  into  two 
components  one  of  which  travels  through  the  mica  as  an  ordinary 
ray  and  the  other  as  an  extraordinary  ray,  and  therefore  one  ray 
traverses  the  mica  a  little  faster  than  the  other.  When  the  two 
beams  emerge,  there  is  a  difference  of  phase  between  them,  since 
one  ray  has  been  retarded  more  than  the  other  in  its  passage 
through  the  mica.  It  would  seem  at  first  sight,  therefore,  that 
these  two  emergent  beams  were  capable  of  destroying  each  other 
by  interference,  since  a  difference  of  phase  exists  between  them. 
It  has  been  found,  however  that  tivo  beams  of  liglil  can  never  in- 
ierferc  unless  iliey  are  executing  vibrations  in  the  sa}ne  plane. 
Inasmuch,  therefore,  as  these  two  beams  of  light  are  vibrating  at 
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right  angles  to  each  other,  they  cannot  interfere,  and  therefore 
thej"  both  come  to  the  analyzer  without  mntnally  destroying  each 
other. 

When  each  of  these  two  beams  is  resolved  into  two  components 
by  the  analyzer,  it  will  be  seen  that  one  component  o  of  the  or- 
dinary beam  passes  through  the  analyzer  and  one  component  o  is 
excluded,  and  also  that  one  component  e  of  the  extraordinary 
])eam  passes  through  the  analyzer  while  the  other  component  e  is 
excluded.  The  light  which  now  passes  through  the  analyzer  con- 
sists partly  of  the  light  which  passed  through  the  mica  as  an  ordi- 
nary ray  and  partly  of  that  Avhich  passed  as  an  extraordinary 
ray.  Moreover,  since  one  of  these  components  has  travelled 
faster  in  the  mica  than  the  other,  a  difference  of  pliase  exists  be- 
tween tlic  two  components  wliicli  j)ass  tlirougli  the  analyzer;  and 
furthermore,  since  these  two  components,  are  noiv  vibrating  in  the 
same  plane,  they  are  capable  of  interfering.  This  difference  of 
phase  will  be  exactly  half  a  wave  length  for  light  of  some  one 
color,  and  hence  that  particular  color  will  be  destroyed  by  inter- 
ference, and  the  color  of  the  light  which  reaches  the  screen  is  a 
mixture  of  all  the  other  colors  which  are  not  thus  destroyed. 
Since  the  amount  by  which  one  ray  is  retarded  more  than  the 
other  depends  upon  the  thickness  of  the  mica,  the  tint  of  the  color 
which  is  transmitted  by  the  analyzer  will  depend  upon  the  thick- 
ness of  the  plate  through  which  the  light  has  passed.  If  the  plate 
of  mica  is  of  different  thicknesses,  as  is  usually  the  case  when 
films  are  flaked  off,  a  different  color  for  each  differeni  thickness 
of  the  film  will  be  transmitted  to  the  screen. 

If  the  analyzer  is  now  rotated,  the  colors  become  dim;  and 
when  the  principal  plane  of  the  analyzer  coincides  in  direction 
with  either  00  or  EE,  the  restored  light  is  white.  In  other 
words,  if  the  plane  of  the  analyzer  is  parallel  to  the  direction  EE 
the  vibrations  in  this  direction  as  they  come  from  the  mica  can 
pass  through  while  those  in  the  direction  00  are  excluded ;  and  if 
the  plane  of  the  analyzer  is  parallel  to  the  direction  00,  then  it 
is  the  vibrations  in  ihis  direction  which  can  now  pass  through 
the  analyzer,  while  those  in  the  direction  EE,  in  their  turn  are 
excluded.  In  either  case,  no  interference  takes  place,  hence  no 
color  is  destroyed,  and  the  transmitted  light  is  white.  If  the  anal- 
yzer is  rotated  until  its  principal  plane  is  90°  from  its  first  posi- 
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turn,  the  restored  light  is  a<i-aiii  colored,  and  the  eoloi's  are  eoni- 
])lenientary  to  those  which  were  transmitted  i)revionsly.  The 
production  of  complementary  colors  in  the  two  positions  of  the 
analyzer  at  90=  from  each  other  may  be  explained  Avith  the  aid 
of  Fig.  520. 

If  we  assume,  for  the  moment,  that  a  particular  vibration,  as 
it  comes  from  the  polarizer,  is  taking  place  verticall\-  upward, 
the  two  components  0  and  E  of  this  vibration,  as  they  come 
through  the  mica,  are  vibrating  diagonally  upward.  Moi cover, 
each  of  these  components  itself  undergoes  resolution  into  two 
components  at  the  analyzer,  one  of  the  latter  components  being 
vertical  and  the  other  horizontal.  It  is  thus  seen,  therefore,  not 
only  that  there  are  two  components,  an  0  and  an  e,  in  the  verti- 
cal direction,  and  two  components,  an  0  and  an  e,  in  the  hori- 
zontal direction,  but  also  that  tltese  iivo  components  are  in  the 
same  lipase  in  the  vertical  direction  and  in  opposite  phase  in  the 
horizontal  direction.  The  0  and  the  e,  however,  both  in  the  ver- 
tical and  in  the  horizontal  directions,  have  a  certain  difference 
of  phase  between  them  due  to  the  fact  that  one  has  travelled  in 
the  mica  faster  than  the  other.  Accordingly,  if  the  plane  of  the 
analyzer  is  vertical,  these  A-ertical  components  o  and  e  pass 
through,  and  destructive  interference  will  occur  for  that  parti- 
cular color  for  which  the  difference  of  phase  between  them  is 
half  a  wave  length. 

Furthermore,  when  the  analyzer  is  turned  into  the  horizontal 
position,  the  horizontal  components  0  and  c  are  now  transmitted 
and  destructive  interference  will  again  l)e  pi'otluced.  In  the  case 
of  these  com])onents,  however,  a  difference  of  ])hase  of  half  a 
u'ave  length,  due  to  the  difference  in  the  direction  of  vibration, 
has  been  added  to  the  difference  of  phase  already  existing  be- 
tween them  due  to  the  difference  in  their  rate  of  travel  through 
the  mica.  Fi-om  this  it  follows  that  the  c()mi)onents  0  and  e  in 
the  horizontal  direction  and  the  same  components  in  the  vertical 
direction  are  vibrating  in  exactly  opposite  phase,  so  that  the 
particular  color  which  Avas  transmitted  in  the  vertical  direction 
will  now  be  destroyed,  and -the  color  which  was  destroyed  in  the 
vertical  direction  will  now  be  transmitted.  In  other  Avords.  the 
analyzer  in  one  position  transmits  all  tho.sc  wave  lengths  which 
it  excludes  in  a  position  at  right  angles  to  this,  and  hence  the 
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tint  produced  by  the  mixture  of  the  colors  which  the  analyzer 
transmits  in  one  position  is  absolutely  complementary  to  that 
produced  by  the  mixture  of  the  colors  which  the  analyzer  al- 
lows to  pass  after  being  rotated  through  an  angle  of  90°. 

If  plates  of  selenite  are  ground  to  different  thicknesses,  there- 
by forming  patterns  of  different  designs,  such  as  a  butterfly,  a 
tulip,  or  a  rose,  and  these  plates  are  interposed  between  the 
crossed  polarizer  and  analyzer,  the  light  which  is  restored  will 
cause  these  objects  to  appear  in  their  natural  colors,  since  the 
plates  have  been  ground  to  such  a  depth  as  to  give  the  required 
color  by  interference.  When  a  piece  of  glass  is  heated,  or  com- 
pressed or  bent,  it  acquires  the  power  of  doubly  refracting  the 
light,  and  hence  becomes  temporarily  crystalline.  Glass  which  has 
been  suddenly  cooled  without  being  annealed  also  has  the  power 
of  doubly  refracting  the  light,  so  that  if  such  glasses  are  thus  ex- 
amined by  polarized  light,  they  will  be  seen  to  possess  a  strained 
structure  which  is  very  complex.  It  is  therefore  important  to 
examine  in  this  way  all  glass  which  is  to  be  used  in  the  construc- 
tion of  optical  instruments  in  order  to  see  that  it  is  free  from 
tension  or  distortion,  for  if  strains  or  lack  of  annealing  were  to 
exist,  this  glass  would  doubly  refract  the  light  which  passes 
through  it. 

683.  The  Rings  and  Cross  in  Convergent  Polarized  Light. 

In  the  preceding  paragraph  we  have  seen  that  light  may  be 
restored  when  a  plate  of  a  doubly  refracting  substance  is  placed 
between  the  crossed  polarizer  and  analyzer.  In  obtaining  these 
results  the  crystal  was  placed  in  parallel  polarized  light,  and 
the  plate  was  cut  paralld  to  tJie  optic  axis,  so  that  the  light 
passed  through  the  crystal  at  right  angles  to  this  direction. 

Phenomena  of  an  entirely  different  nature  are  obtained  when 
the  light  from  the  polarizer  is  made  to  pass  through  a  lens  of 
short  focal  length  so  as  to  be  convergent,  and  when  a  plate  of  a 
doubly  refracting  substance  cut  perpcndicularhi  to  the  optic 
axis  is  placed  in  this  convergent  beam  of  polarized  light.  Fig. 
527.  The  axis  of  this  conical  beam  then  coincides  in  direction  with 
the  optic  axis  of  the  substance,  and  therefore  passes  through  the 
plate  without  undergoing  double  refraction.  All  other  rays,  how- 
ever, that  is,  all  those   which    pass    through    the  crystal  in  an  in- 
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clined  direction,  will  be  doubly  refracted.  We  have  learned,  more- 
over, that  when  light  passes  through  a  plate  of  a  doubly  re- 
fracting medium,  the  vibrations  are  resolved  into  two  compo- 
nents, one  taking  place  in 
the  principal  section  of  the 
substance  and  the  other  in  a 
plane  at  right  angles  to  this 
direction.  Inasmuch  as  the 
the  principal  section  of  a 
crystal  is  the  plane  contain- 
ing the  ray  and  the  optic  ax- 
is, and  inasmuch  as  the  op- 
tic axis  is  here  normal  to 
the  surface  of  the  plate,  it 
follows  that  every  plane  of 
incidence  is  a  principal  scc- 
iion. 

Therefore,  if  the  plate  of 
crystal  coincides  with  the 
plane  of  the  paper.  Fig.  528, 
and  if  the  axis  of  the  coni- 
cal  beam   enters   the   plate 


o2t.  Convergent  polarized  light  pass- 
ing through  a  doubly  refracting  sub- 
stance cut  perpendicularly  to  the  optic 
axis. 


normal  to  the  surface  at  C, 
every  plane  of'  incidence 
passing  ilirougli  C  is  a  prin- 
cipal section,  since  the  axis 
of  the  conical  beam  coincides 
with  the  direction  of  the  op- 
tic axis  of  the  crystal.  Ac- 
cordingly, if  a  ray  of  light 
is  incident  at  any  point  of 
the  crystal,  as  at  A,  B,  C,  or 
B,  the  straight  line  connect- 
ing this  point  Avith  the  axis 
C'  is  a  principal  section.  The 
light  therefore,  w^hich  is 
doubly  refracted  passes 
through  the  crystal  as  an  ex- 
traordinary  ray  vibrating  in  this  direction,  and  as  an  ordinary 
ray  vibrating  at  right    angles   to    this  direction.     If   the    light 
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plane  of  incidence  pass- 
is  a  principal  section  of 
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from  the  polarizer  is  vibrating  veiti^-aily,  and  if  a  ray  of 
polarized  light  from  this  conical  pencil  is  incident  upon  the 
plate  at  A,  for  ins*^anee,  this  ray  of  light  will  be  resolved  into 
two  components  0  and  E  which  will  travel  through  the  plate  in 
an  inclined  direction  with  different  velocities.  When  this  light, 
now  vibrating  in  these  t^vo  directions,  conies  to  the  analyzer,  each 
of  these  rays,  the  0  and  the  E,  will  be  resolved  into  two  com- 
ponents, one  in  the  principal  plane  of  the  analyzer,  which  will 
be  transmitted,  and  the  other  at  right  angles  to  this  plane,  Avhich 
will  be  excluded. 

Since  the  two  rays  0  and  E  travelled  through  the  plate  with 
different  velocities,  the  components  of  each  of  these  rays  which 
pass  through  the  anal^^zer  will  be  exactly  opposite  in  phase  for 
some  one  color,  hence  this  color  will  be  destroyed  by  interfer- 
ence. Tlierefore,  the  light  which  is  restored  will  be  colored,  this 
color  being  a  mixture  of  all  the  other  colors  which  com]^ose  white 
light  except  the  one  thus  destroyed.  Since  the  color  depends  up- 
on the  difference  of  phase  between  the  two  components  in  the 
analyzer,  and  since  this  difference  of  phase,  in  turn,  depends  up- 
on the  relative  retardation  of  the  rays  0  and  E  as  they  traverse 
the  plate,  that  is,  upon  the  obliquity  of  the  light,  anu  particular 
color  ivill  he  uniform  in  a  ring  around  tlie  axis  of  the  conical 
beam  as  a  center.  Moreover,  if  a  ray  is  incident  upon  the  plate 
at  a  greater  obliquity,  as  at  B,  the  relative  retardation  between 
0  and  E  will  be  greater  on  account  of  the  greater  distance  trav- 
elled in  the  crystal,  and  the  difference  of  phase  between  the  two 
components  in  the  analyzer  will  be  exactly  half  a  wave  length 
for  some  other  color.  Some  other  color  will  then  be  destroyed 
by  interference,  and  the  color  transmitted  will  be  different.  The 
light  which  is  restored  consists,  therefore,  of  a  series  of  concen- 
tric colored  rings  about  tlie  axis  of  the  conical  beam. 

tiuperposed  upon  this  system  of  colored  rings,  however,  ap- 
pears a  cross,  this  cross  being  black  when  the  principal  planes  of 
the  polarizer  and  analyzer  are  crossed,  and  ivhite  when  these 
planes  are  parallel  to  each  other.  The  explanation  of  this  cross, 
as  well  as  the  change  from  black  to  white  which  it  undergoes,  is 
simple.  Remembering  that  the  vibrations  of  the  light  are  vertical 
as  they  come  from  the  polarizer,  we  see  that  if  a  ray  of  this 
vertically  vibrating  polarized  light  is  incident  upon  the  plate  at. 
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C,  it  will  pass  straight  on  through  the  plate  as  an  extraordinary 
ray  without  double  refraction,  since  at  this  point  the  principal 
plane  of  the  plate  is  parallel  to  the  direction  of  vibration  of  the 
light  from  the  polarizer.  Similarly,  the  ray  which  meets  the 
plate  at  D  will  pass  through  as  an  ordinary  ray,  likewise  with- 
out double  refraction.  Therefore,  in  a  vertical  and  also  in  a 
horizontal  plane,  the  vertically  vibrating  light  Avhich  falls  upon 
this  plate  passes  on  through  and  comes  to  the  analyzer  still  vi- 
brating vertically. 

If,  now,  the  planes  of  the  polarizer  and  analyzer  are  at  right 
angles  to  each  other,  the  analyzer  can  transmit  only  light  which 
is  vibrating  horizontallj^  and  therefore  it  ivill  exclude  tJie  Uglit 
in  tlicse  two  directions.     A  black  cross  superposed  upon  the  sys- 


FiG.  529.  .\.  uniaxial  crystal  in 
convergent  polarized  light — the 
polarizer    ami    analyzer    crossed. 


Fig.  530.  A  uniaxial  crystal  in  con- 
vergent polarized  light — the  polar- 
izer and  analyzer  parallel. 


tern  of  rings  will  accordingly  appear.  Fig.  529,  the  arms  of  the 
cross  coinciding  with  the  principal  planes  of  the  crossed  polar- 
izer and  anah-zer.  If,  however,  the  analyzer  is  rotated  through 
90°  so  that  its  principal  plane  is  parallel  to  that  of  the  polarizer, 
the  light  which  is  vibrating  vertically  in  the  vertical  and  in  the 
horizontal  planes  can  now  pass,  and  the  black  cross  will  be  re- 
placed by  a  white  one,  Fig.  530.  Accordingly,  if  a  plate  of  a 
uniaxial  crystal,  cut  perpendicularly  to  the  optie  axis,  is  placed 
in  convergent  light  between  the  polarizer  and  analyzer,  a  hlack 
cross  suj)crposcd  upon  a  system  of  colored  rings  will  appear  if 
tlic  polarizer  and  analyzer  are  crossed,  and  a  wliitv  cross  super- 
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posed  upon  a  system  of  rings  of  tlie  complementary  colors  wUl 
he  seen  if  the  planes  of  the  polarizer  and  analyzer  are  parallel. 
The  phenomena  observed  in  the  ease  of  a  biaxial  crystal  are 
far  more  complex.  If  a  biaxial  crystal  is  cut  by  a  plane  per- 
pendicular to  the  line  midAvay  between  the  two  optic  axes,  so 
that  convergent  light  can  be  sent  through  the  plate  in  a  direc- 
tion parallel  to  this  line,  a  system  of  colored  rings  will  encircle 
each  axis,  and  these,  in  turn,  will  be  surrounded  by  a  leminscate 
and  a  series  of  ovals.  If  the  line  joining  the  optic  axes  of  the 
plate  coincides  with  the  principal  plane  of  the  polarizer  or  the 
analyzer,  a  dark  cross-shaped  figure  will  be  superposed  upon 


Pig.  531.  A  biaxial  crystal  in  con- 
vergent polarized  light — the  line 
.ioining  the  optic  axes  being  par- 
allol  to  the  principal  plane  of  the 
polarizer. 


Fig.    .5.32.      A    biaxial   crystal    in    con- 
vergent   polarized    light — the    line 
joining    tl'c    optic    axes    being    in- 
clined   4.")°    to    the   principal    plane 
of  the  polarizer. 


this  system  of  rings  and  ovals,  Fig.  531 ;  but  if  this  line  makes 
an  angle  of  45°  with  the  planes  of  the  polarizer  and  analyzer, 
this  series  of  colored  bands  will  be  crossed  by  two  hyperbola- 
shaped  black  curves  passing  through  the  optic  axes,  Fig.  532.  All 
these  phenomena  are  complementary  when  the  analyzer  is  turned 
throught  90°.  It  is  interesting  to  notice  that  many  of  these 
phenomena,  although  so  very  complex,  were  predicted  by  a  math- 
ematical investigation  based  upon  the  wave  theory  of  light  be- 
fore they  were  tried  experimentally. 

Since  the  action  of  heat  causes  a  crystal  to  expand  unequally 
in  the  directions  of  its  different  elasticities,  is  not  impossible 
to  conceive  of  the  application  of  heat  as  so  affecting  the  elasti- 
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city  of  the  ether  within  the  crystal  as  even  to  change  its  crystal- 
line structure.  At  ordinaiy  temperatures  the  mineral  selenite 
is  a  biaxial  crystal,  and  the  intricate  curves  peculiar  to  biaxial 
crystals  are  obtained  when  tliis  substance  is  examined  in  con- 
vergent polarized  light.  When  a  plate  of  this  material  is  gently 
heated,  hoAvever,  the  elasticity  of  the  ether  within  the  crystal  is 
so  changed  that  the  two  axes  are  seen  to  come  nearer  together, 
the  lemniscate  and  ovals  approach  the  circular  form  and  sur- 
round the  axes,  and  the  dark  hyperbola-shaped  curves  move 
towards  each  other.  This  continues,  until,  for  a  moment,  when 
the  two  axes  coincide,  the  substance  has  every  property  of  a 
uniaxial  crystal,  the  complicated  curves  then  become  true  circles 
about  the  single  axis,  and  the  branches  of  the  hyperbola-shaped 
figures  unite  to  form  the  cross.  The  two  axes  are  then  seen  to 
draw  apart  in  the  opposite  directions,  and  the  crystal  is  once 
more  biaxial.  As  the  mineral  cools,  these  processes  all  take 
place  in  the  reverse  order,  the  whole  forming  a  phenomenon  of 
surpassing  interest  and  beauty. 


■f^ 


x>v.<4'C  ^"^^  (T 


^ 


tyJi 


•tfyi 


"/'i,^ 


